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Abstract 
INVESTIGATION OF NOVEL VIRULENCE MECHANISMS IN CANDIDA ALBICANS 
 
Elisa Marie Tafoya Vesely, B.S. 
Advisory Professor : Michael C. Lorenz , Ph.D. 
 
Candida albicans is the most important fungal species associated with humans. 
Normally present in the human microbiome as a commensal colonizer, C. albicans is also the 
fourth most prevalent organism isolated from bloodstream infections in hospitals. 
Disseminated infections have an associated mortality rate of around 40%. The results of the 
work described in this dissertation cover the broad subject of C. albicans adaptation to the 
host and the mechanisms by which this organism is able to survive and cause infection 
through a variety of means. A key determinant in disease progression is interaction with 
innate immune cells, specifically macrophages and neutrophils. Due to the few options of 
current antifungal drugs and rising rates of drug resistance, building our understanding of C. 
albicans pathogenicity is key to determining how this fungal species interacts with the cells 
most responsible for its recognition and clearance. Alternative carbon utilization has been 
shown throughout the years to be an essential requirement for C. albicans in host-pathogen 
interaction models. This idea is expanded in this thesis by the discovery of additional genetic 
contributors to pH neutralization, a process that is critical for survival after phagocytosis by 
macrophages, and that the utilization of amino acids and N-acetylglucosamine are genetically 
distinct pathways. Furthermore, there are uncharacterized genes that C. albicans upregulates 
upon contact with mammalian macrophages and these genes are involved in well-described 
virulence mechanisms. The majority of these newly annotated genes were completely 
 viii 
unstudied at the outset of this study and I have described the first in vitro and in vivo 
phenotypic assessments of several of these. Mia1, a microadhesin that has virulence-
associated phenotypes is characterized for the first time in this study. We hypothesize that 
this small adhesin may serve a broader role of coordinating other surface adhesins based on 
the data presented. Taken together, this work describes new contributors to pathways known 
to affect the interactions of C. albicans with the host, which may inform future guided efforts 
to therapeutically target the virulence of C. albicans.  
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Chapter 1: Background and Significance  
  
 2 
Candida albicans is a human colonizer  
The perceived importance of the human microbiome has recently undergone a 
substantial revival, as an increasing number of ailments can be ascribed to disturbances 
within the community of microorganisms that dwell within human hosts. Of particular 
importance but often overlooked, fungi are a significant component of the commensal 
microbiome and are capable of transitioning to deadly pathogens in certain patient contexts 
(Norman, Handley, and Virgin 2014; Suhr and Hallen-Adams 2015). Candida albicans is a 
fungal commensal that retains close association with the human host and colonizes many 
niches. While there have been a handful of studies that have found ‘natural’ reservoirs of C. 
albicans, the most likely reservoir of this fungus is humans themselves, as it has been shown 
that most C. albicans is transmitted vertically from mother to infant ( Miranda et al. 2009). 
Other species of Candida are capable of being transmitted horizontally from person to person 
or from various reservoirs. Commensal association is retained throughout life, with an 
estimated 80% of the population having C. albicans present in their microbiome (Soll et al. 
1991). This fungal pathogen can reside in the oral cavity, the gastrointestinal tract, the skin, 
and the genitourinary tract (Perlroth, Choi, and Spellberg 2007). 
In addition to being highly prevalent as a commensal colonizer in humans, Candida 
albicans is one of the most medically important fungi with a wide range of infection states 
seen throughout mammalian hosts. Many superficial diseases of the mucus membranes are 
the result of C. albicans infection of mucosal barriers. Mucosal disease is especially 
prevalent in infants, which are susceptible to oropharyngeal candidiasis (more commonly 
known as ‘oral thrush’) due to ongoing development of immune systems (Tinoco-Araujo et 
al. 2013). This disease is characterized by erythematous or pseudomembranous lesions of the 
hard and soft palate, as well as other surfaces of the mouth including the tongue. 
 3 
Oropharyngeal candidiasis in adults can also occur, but is particularly common in 
immunocompromised patients, including those that are HIV/AIDS positive, and has been 
attributed to defects in circulating CD4+ lymphocytes (Nielsen et al. 1994). Increased 
incidence in the HIV+ clinical population is due to differences in Th1/Th2 response (Quinti 
et al. 1991). Th1 cytokine responses are generally pro-inflammatory, while Th2 cytokine 
responses tend to dampen uncontrolled inflammation and are anti-inflammatory. Therefore, 
decreased Th1 responses or increased Th2 responses would nullify the antimicrobial 
signaling pathways required to clear C. albicans at infection sites. In addition to infants and 
HIV-positive individuals, there are other populations susceptible to oropharyngeal 
candidiasis. Those with dental implants, inhaled steroids, radiation of the head or neck, and 
those exposed to broad spectrum antibiotics are also at an increased risk for these types of 
infections (Deng et al. 2010; Verdugo, Laksmana, and Uribarri 2016; Hossny et al. 2016).  
Women are susceptible to mucosal infections of C. albicans in the form of 
vulvovaginal candidiasis (VVC). At least 75% of women have had at least one episode of 
VVC and 5-10% of women have recurrent episodes (Waggoner-Fountain et al. 1996). Risk 
factors for developing VVC include oral contraceptive usage, pregnancy, hormone 
replacement treatments, and antibiotic usage (Kent 1991). Disease progression in the context 
of VVC seems to rely very little on the adaptive immune system, but rather is characterized 
by uncontrolled inflammation of epithelial cells that signal to neutrophils to infiltrate the 
tissue (Fidel et al. 2004).  
Serious systemic infections can result from colonization 
C. albicans infections can present as disseminated bloodstream candidiasis or as 
invasive candidemia. Candidiasis can present in every organ of the human host, with the 
most serious sites of infection being the central nervous system and the heart, with the 
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respective outcomes being fungal meningitis and endocarditis (Gottfredsson and Perfect 
2000; Falcone et al. 2009). Candida is the fourth-most prevalent bloodstream-isolated 
pathogen (Pfaller and Diekema 2007). The crude mortality rate of these infections ranges 
from 26-60% based on the surveillance area (Das et al. 2011; Lortholary et al. 2014). 
Retrospective analysis has shown that the attributed mortality of candidemia is at 49% 
(Gudlaugsson et al. 2003). This number continues to increase, despite new introductions of 
antifungal drugs. It is also likely that these numbers will increase in the coming years when 
put into context of prolonged hospitalization and extended antibiotic usage.  
Serious disseminated infections are multifactorial and the result of several 
predisposing factors. Neutropenia is an often-cited risk factor for developing candidiasis, yet 
only 20% of patients that present with candidiasis are neutropenic (Spellberg, Filler, and 
Edwards 2006). Neutropenia by itself is not sufficient for mice to develop C. albicans 
disseminated infections, as studies have shown that damaged gut integrity is also needed 
(Koh et al. 2008). However, patients that have had neutropenia induced by chemotherapy are 
at an increased risk due to mucosal abrasions that compromise barrier immunity (van der 
Meer et al. 2010). These types of studies highlight the fact that it is very difficult, clinically, 
to predict which patients will present with disseminated infections based on one risk factor 
alone, though there have been recent efforts to mitigate this by antifungal prophylaxis 
(Ostrosky-Zeichner 2004).  
Among patients that have normal neutrophil counts, the most significant risk factors 
for developing candidiasis or candidemia are prolonged antibiotic use and the presence of 
medical devices such as central venous catheters (Guery et al. 2009). Extended antibiotic 
usage increases the nutrients available to GI-associated C. albicans, and increases the 
likelihood of migration out of the gastrointestinal tract. As the anatomical origin of C. 
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albicans in disseminated infections is likely the gastrointestinal tract, increasing the numbers 
of resident yeast in the GI tract is of concern (Marco et al. 1999; Miranda et al. 2009). There 
are also certain bacteria that are resident in the mammalian GI tract that are antagonistic to C. 
albicans, such as Enterococcus faecalis, representing additional biological risk factors that 
accompany increased incidence with antibiotic usage (Wagner et al. 1997; Yoon and Yoon 
2018; Graham et al. 2017). Insertion of medical devices increases patient risk due to physical 
disruption of barrier immunity, as well as by providing a suitable substrate for biofilm 
formation that can persist despite antifungal treatment (Lecciones et al. 1992).  
Treatment strategies for C. albicans infections 
 Despite the frequency of infections with fungal pathogens and the high mortality rates 
associated with many of these pathogens including C. albicans, there are limited drug options 
to treat patients. There are four antifungal drug classes in use, some of which exhibit host 
toxicity or are incompatible with other drugs that some patient populations are also taking 
(Butts et al. 2018). The first class of antifungal drugs discovered are the polyenes, which 
include amphotericin B. These drugs act by binding to ergosterol in the fungal membrane and 
causing membrane perturbations that increase permeability and eventually cause lysis 
(Warnock 1991). Azole drugs, the second class of described antifungals, inhibit ergosterol 
biosynthesis at multiple enzymatic steps. Triazole drugs are now available that feature the 
same biochemical capacity, but are less harmful to mammalian hosts (Fromtling 1988). The 
third, and most effective, antifungal drug type in treating C. albicans infections is the 
echinocandins class. These drugs act by blocking b-1-3-glucan synthase, yielding cells 
deficient in a major constituent of the fungal cell wall, b-1-3-glucan (Scott 2012). 
Flucytosine (the fourth class) is rarely used alone due to high rates of antifungal resistance 
that emerge with its usage, but exerts its antifungal effect by interfering with DNA and RNA 
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metabolism after conversion to the toxic compound 5-fluorouracil. This conversion occurs 
through an enzyme that is not conserved in humans, yet can be still be dangerous to humans 
after administration – most notably by causing severe renal failure (Vermes, Guchelaar, and 
Dankert 2000).  
Antifungal drug discovery is particularly challenging, with relatively few advances 
occurring in clinical settings even after many years of study (Perfect 2017). This idea, 
considered in the context of rapidly rising rates of antifungal drug resistance, signifies that 
new approaches must be taken to combat known aspects of fungal interactions with the 
mammalian host. By expanding our view of what fungal pathways are necessary for 
virulence, we can begin to target these pathways in a more informed manner.  
Other Candida spp. can cause local and systemic disease  
There are other clinically relevant Candida spp. that pose health threats. C. glabrata 
is quickly becoming the top Candida spp. that is isolated from bloodstream infections due to 
antifungal prophylaxis and the inherent drug resistance of this particular species. This 
organism differs greatly from C. albicans, and is in fact more related to Saccharomyces 
cerevisiae than other Candida species. C. tropicalis and C. parapsilosis infections are also 
increasing in incidence but the epidemiologic reasons are less clear. The most prevalent 
species varies geographically, making it difficult to say definitively which Candida spp. is 
highest in incidence outside of C. albicans. While relatively similar in virulence traits in vitro 
and in murine models of candidiasis, C. tropicalis is only isolated from ~9-20% of patients 
that present with candidemia (Diekema et al. 2012; Enoch et al. 2017). The molecular basis 
for these differences in virulence is an ongoing question and is the main motivating factor 
that led to studies described in Chapter 5 of this dissertation, where representative species of 
the CUG clade of Candida spp. are interrogated for transcriptional responses to phagocytosis.  
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Key features for recognition by hosts  
 Candida albicans can be present throughout the mammalian host in several different 
morphologies; yeast, hyphae, or pseudohyphae. The transition from the round yeast form (~5 
uM in diameter) to a filamentous hyphal form and back is of critical importance in the ability 
to invade tissues and evade the immune system. This morphological transition is considered 
one of the most important virulence factors that C. albicans employs to colonize the host. 
Mutants of C. albicans that are unable to transition to the hyphal form are avirulent in murine 
models of candidiasis (Lo et al. 1997; Saville et al. 2003). Mutants that are locked in the 
hyphal form show attenuated virulence in disseminated infections (Braun and Johnson 1997), 
underscoring that an important aspect of these different morphologies in the human host is 
that they are interchangeable.  
The cell wall is the most important layer for the innate immune system to recognize 
microbes. For example, adhesion to surfaces is mediated by the cell wall as well as protection 
from antimicrobial insults within the host. The cell wall is mainly (~90%) composed of 
carbohydrates with the main constituents being glucans, chitin, and mannan (Gow, Latge, 
and Munro 2017; Netea et al. 2008). b-1-3-glucan, b-1-6-glucan, and chitin together form the 
structural core of the cell wall that is closest to the plasma membrane. Cell wall proteins are 
then anchored by b-1-6-glucan, b-1-3-glucan, or are GPI-anchored directly to the membrane. 
Mannan and mannosylated cell wall proteins form a highly disordered outermost layer of the 
cell wall and serve to mask the other constituents of the wall from circulating immune cells. 
Areas of previous cell division, known as bud scars, are relatively sparse in mannan and 
represent an area where the underlying b-glucan layers are exposed.  
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Phagocytes are key for combating C. albicans infections 
The most important cells that interact with C. albicans, other than epithelial and 
endothelial cells that form important barriers, are macrophages and dendritic cells (derived 
from monocytes) and polymorphonuclear neutrophils (PMNs). These cells serve to 
phagocytose microbes, a process of engulfment that can lead to the death of the 
phagocytosed organism. Resident macrophages and circulating monocytes represent an 
important aspect of host-pathogen interactions in the context of most microbes, but especially 
in the context of C. albicans. These cells are capable of engulfing particles up to 15 uM, 
which can increase to slightly above 20 uM when the target is opsonized (Cannon and 
Swanson 1992). After recognition and phagocytosis by macrophages, phagosomal maturation 
takes place (discussed later in this chapter). This process serves to release reactive oxygen 
species as well as concentrate various antimicrobial peptides, in conjunction with a rapid 
decrease in pH. Combined, these mechanisms are sufficient to kill many microbes. Candida 
albicans has developed several strategies to escape these interactions, including 
neutralization of phagosomal pH and subsequent filamentation within the phagosome 
(Vylkova and Lorenz 2014; Danhof and Lorenz 2015; Fernández-Arenas et al. 2009; 
Wellington, Dolan, and Krysan 2009; Erwig and Gow 2016).  
Neutrophils are granule-containing immune cells that are abundant throughout the 
human host. These cells differ from macrophages in a few important ways. First, as described 
later in this chapter, macrophages form an acidic phagolysosome through completion of 
several endocytic fusion events. Neutrophils, on the other hand, do not contain microbes 
within acidic compartments and rather use a process called degranulation, where granules 
filled with antimicrobial proteins and large reservoirs of reactive oxygen and nitrogen species 
are released into the phagosomal compartment (Lee, Harrison, and Grinstein 2003). Second, 
 9 
these circulating and resident phagocytes are capable of killing C. albicans in its yeast form, 
preventing hyphal morphogenesis and escape (Miramón, Kasper, and Hube 2013). 
Neutrophils also have mechanisms in place called neutrophil extracellular traps (or NETs) 
that are formed by neutrophil DNA and can concentrate antimicrobial compounds such as 
calprotectin around larger microbes, including the hyphal form of C. albicans (Urban et al. 
2009; Branzk et al. 2014). By releasing such large concentrations of calprotectin, a known 
metal chelator, NETs serve to nutritionally starve pathogens for zinc and manganese.  
Compared to neutrophils and macrophages, dendritic cells are less effective at killing 
C. albicans. However, they can distinguish between different fungal cell morphologies of 
and are capable of fine-tuning their activities based on encountering yeast or hyphal forms of 
C. albicans (d’Ostiani et al. 2000). Dendritic cells form an important link between the innate 
and adaptive arms of the immune system due to their less destructive phagosomal activity 
after phagocytosis. Whereas neutrophils and macrophages traffic antimicrobial enzymes and 
degradative proteases to destroy engulfed material after maturation, dendritic cells preserve 
protein fragments through protease inhibitors (Pauwels et al. 2017). The pH of the 
phagolysosome in dendritic cells also does not reach acidic levels, remaining above pH 6. 
Dendritic cells retain microbial PAMPs in order facilitate T cell development through a 
complex process termed antigen presentation (d’Ostiani et al. 2000; Romani et al. 2004).  
Phagocytes recognize the C. albicans cell wall through numerous receptors  
At an infection site, resident or recruited phagocytes can recognize microbial 
organisms by their Pathogen Recognition Receptors (PRRs) that specifically recognize 
certain Pathogen-Associated Molecular Patterns (PAMPs). The PRRs that the phagocytic 
cells utilize to recognize microbes are often targeted to cell wall components. C. albicans cell 
wall is mainly composed of chitin, proteins, b-glucans, and mannans, and specific PRRs 
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recognize each component molecule. Chitin is known to induce an immune response, 
indicating that it is recognized by the host, but the mechanism and exact PRRs involved in 
this process are unknown (Netea et al. 2008). 
As mannan is generally viewed as the outermost region of the C. albicans cell wall, 
it is logical that there are numerous receptors that recognize constituents of this structure. 
N-linked mannans are recognized by the C-type Lectin Mannose Receptor (MR), Mincle, 
DC-SIGN, and Galectin-3 while O-linked mannans are recognized by the Toll-like 
receptor 4 (TLR4) (Netea et al. 2006; Erwig and Gow 2016). There are also b-mannosides 
on the cell wall as both components of mannosylated proteins and phopholipomannan. It 
has been suggested that TLR2 recognizes these mannans and Galectin-3 can distinguish 
between pathogenic and non-pathogenic yeasts through interactions with either molecule; 
these interactions are probably most important in the mammalian gastrointestinal tract 
(Jouault et al. 2006; Jouault et al. 2003). Present on circulating monoyctes as well as 
resident macrophages, Dectin-2 is a mannose receptor (McGreal et al. 2006; Sato et al. 
2006). This C-type Lectin Receptor (CLR) exhibits specificity distinct from Dectin-1, 
shows preference for binding to the C. albicans hyphal form, and must interact with a 
separate receptor, FCgR, in order to induce intracellular signaling to occur.  
Glucans are recognized by many receptors on innate immune cells, either as b-1-6-
glucan or b-1-3-glucan. In the cell wall, these moieties would be hidden under a dense layer 
of mannan and mannosylated cell wall proteins, with an important exception being at the site 
of bud scars on yeast. However, this idea has been challenged recently with the idea of b-
glucan masking, where b-glucan is not always hidden but can become exposed in some 
environmental niches leading to increased recognition (Wheeler et al. 2008). b-glucans are 
mainly recognized by Dectin-1 and Complement Receptor 3 (CR3), which are both present 
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on neutrophils, macrophages, and dendritic cells. Dectin-1 is also present on circulating 
monocytes. CR3 recognizes pathogens that have been opsonized with C3b (discussed in 
“complement cascade”) as well as select carbohydrates, including b-1-3 and b-1-6 glucans 
(Wright and Silverstein 1983). Recognition is mainly through its lectin domain, yet the 
primary I domain recognition site of bound C3b is also involved (Forsyth, Plow, and Zhang 
1998; Diamond et al. 1993). CR3, when bound to a specific target, triggers phagocytosis but 
does not trigger the respiratory burst that is characteristic of phagocytes after engulfing 
pathogens, indicating that there are secondary receptors that recognize b-glucans (Wright and 
Silverstein 1983) .  
Dectin-1 is a transmembrane CLR that recognizes b-1-3 linked glucans in several 
fungal species including C. albicans yeast, but not hyphal forms (Brown and Gordon 2001; 
Gantner, Simmons, and Underhill 2005). This transmembrane receptor is composed of three 
defined domains; the extracellular domain that recognizes b-1-3-glucan, a transmembrane 
domain, and the intracellular domain that features an immunoreceptor tyrosine-based 
activation-like motif (ITAM) which can then propagate signal to the Syk/CARD9-
dependent pathways. There is also documented cross-talk between Dectin-1 and other 
receptors, most notably TLR2, that serve to amplify signal (Brown et al. 2003; Gantner et 
al. 2003).  
Evasion of PRRs 
C. albicans is capable of masking the PAMPs that are recognized by these 
receptors, or modulating the end result of this interaction. One of the most intriguing ways 
that C. albicans can avoid detection is by masking of the b-glucans that are recognized by 
Dectin-1. The morphological transition of C. albicans to hyphae can mask b-glucans and 
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trigger differences in the linkages of b-glucan, effectively evading many PRRs (Lowman 
et al. 2014). Growth on different host-relevant carbon sources can also induce changes in 
the cell wall that can alter immune recognition of C. albicans, allowing the fungal cell to 
effectively ‘hide’ from the immune system in certain niches of the human host (Ene et al. 
2013b). Along a different vein, C. albicans may be able to inappropriately activate 
different immune pathways that allow for its survival. TLR2 activation commonly leads to 
anti-inflammatory effects through ERK signaling, negating the pro-inflammatory effects 
of pathways downstream of other receptors, most notably TLR4. In support of this, TLR2-
/- murine macrophages have increased anti-Candida activity as compared to TLR+/+ 
macrophages (Blasi et al. 2005). In addition, activated CR3 and FCgR suppress TLR4-
mediated inflammation. Previous studies have shown that CR3-/- and FCgR-/- deficient 
mice show increased resistance to infection and show an increase in pro-inflammatory 
cytokine expression as compared to control animals (Romani et al. 2004).  
The complement cascade and C. albicans  
Forming an important defense barrier and linking the innate immune system with the 
adaptive immune system, the complement system allows for the host to recognize foreign 
microbes, induce inflammation, and recruit phagocytic cells. The complement cascade is 
formed by circulating chemokines that recognize several different microbe associated 
moieties that serve to either opsonize pathogens or deposit the Membrane Attack Complex 
(MAC) on the cell surface of pathogens to form lethal pores. This cascade is complex and 
includes multiple methods of activation as well as negative regulators to guard against 
inappropriate MAC assembly on the host cell (Ricklin et al. 2010). Assembly of the MAC 
has shown not to result in the eventual lysis C. albicans, indicating that the contribution of 
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the complement cascade in C. albicans infections is limited to opsonization of the surface to 
signal phagocytosis (Speth et al. 2008; Kozel 1996).  
There are several methods of evading this cascade, from molecular mimicry to direct 
degradation of chemokines. C. albicans has multiple mechanisms to inactivate complement. 
One such example is C. albicans Sap2, one of many secreted aspartyl proteases, which has 
been shown to effectively abolish the complement signaling pathway that leads to 
inflammation and immune cell recruitment by degrading complement chemokine C3 
(Kaminishi et al. 1995). This has been shown to occur with other C. albicans Sap proteins as 
well, modulating many key chemokines of the complement pathway (Gropp et al. 2009). 
Another method that can abrogate complement signaling is the acquisition of host-derived 
signaling factors, such as Factor H and Factor I (Meri et al. 2004; Luo et al. 2013; Losse, 
Zipfel, and Jozsi 2010; Luo et al. 2018; Poltermann et al. 2007). These components of the 
cascade serve to dampen the signal by inactivating key constituents such as C3b. Another 
method to evade complement is to mimic the receptors themselves (Würzner 1999). C. 
albicans has CR3-like receptors that have functional roles in pathogenesis, most notably in 
adhesion to epithelial cells and erythrocytes (Gale et al. 1996; Moors et al. 1992).  
Recognition of C. albicans triggers cytokine release and downstream events  
After recognition of C. albicans, the fungal cell is phagocytosed by the circulating, 
resident, or recruited phagocyte. Depending on the type of phagocyte and the receptor that 
bound to the fungal cell, the outcome of this recognition can differ in terms of downstream 
signaling. An adaptor molecule transduces the signal to downstream proteins which 
eventually result in the transcriptional activation of specific cytokines that can then either 
elicit a Th1 (pro-inflammatory) or Th2 response (anti-inflammatory). A good example of this 
pathway from recognition to recruitment of other cells is by the recognition of b-glucans by 
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Dectin-1. Binding leads to activation of the SYK signaling cascade via phosphorylation of 
Dectin-1 by Src kinases (Strasser et al. 2012). Ligand-bound Dectin-1 is internalized and 
present on the phagosomal membrane, signaling phagosomal maturation (Mansour et al. 
2013). Ligand binding by Dectin-1 through SYK also results in production of interleukin-17. 
Il-17 serves as a differentiation factor of Th17 cells, forming an important axis of the 
immune defense to C. albicans (Carvalho et al. 2012). This example serves to illustrate the 
complex signaling that occurs after recognition, and while phagocytosis is an important result 
of recognition, there are also downstream events that can amplify signal.  
Genetic basis for increased C. albicans susceptibility  
There are genetic defects that may lead to increased risk for candidiasis or 
candidemia. One of the most striking genetic predispositions for developing recurrent 
Candida infections is chronic granulomatous disease (CGD), which is either X-linked or 
autosomal recessively inherited. This disease is characterized by defective NADPH oxidase 
activity on monocytes, macrophages, and neutrophils that results in decreased reactive 
oxygen intermediate generation (Holland 2010). The manifestation of this disease is quite 
apparent, with patients being hypersusceptible to many bacterial and fungal pathogens, the 
most serious being Staphylococcus aureus, Aspergillus spp. and Candida spp. (Liese et al. 
2000). The high occurrence of fungal infections in CGD patients highlights the importance of 
oxidative stress generated by phagocytic cells as an anti-infective strategy. 
Chronic Mucocutaneous Candidiasis (CMC) is another genetic disease of recurrent 
skin and mucosal infections. There are two variants of CMC, one autosomal dominant and 
the other recessive. Autosomal recessive polyendocrinopathy candidiasis ectodermal 
dystrophy (APECED) leads to increased Candida susceptibility by the creation of self-
reactive antibodies that effectively neutralize immune signaling through IL-17 and IL-22 
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(Okada et al. 2016). The autosomal dominant form of CMC is characterized by a gain of 
function in STAT1 that decreases STAT3 function, thereby decreasing Th17 differentiation 
(Zheng et al. 2015; Liu et al. 2011). Mutations can also occur in the gene coding for IL-17,  
leading to abolished Il-6 production (Puel et al. 2011). 
Dectin-1 mutations in humans have been seen where a truncation in the protein 
(Tyr238X) results in loss of cell surface display (Ferwerda et al. 2009). Genetic analysis of a 
family that presented with increased incidence of fungal infections reported that all family 
members featured the Tyr238X mutation, underscoring the importance of Dectin-1 surface 
display in C. albicans infections. There have also been reports of Dectin-1 polymorphisms 
present in patients with Irritable Bowel Syndrome (IBS) (Goodridge et al. 2011). Amplified 
by Dectin-1 signaling, Toll-like receptor 4 (TLR4) plays a large role in Candida infection 
resistance and polymorphisms have been associated with elevated C. albicans infection rates 
(Van der Graaf et al. 2006). In addition to truncation mutants, mutations in CARD9, an 
adaptor protein downstream from Dectin-1, confers increased susceptibility to persistent 
Candida infections (Glocker et al. 2009).  
Phagosomal maturation results in pathogen clearance  
After recognition, phagocytosis sequesters microbial cells away from the cellular 
content of the mammalian cell. This not only contains the pathogen, but depletes the 
availability of nutrients. The phagosome then begins a complex maturation procedure that 
results in a mature phagolysosome, where the pH of the phagosomal lumen decreases 
drastically and many antimicrobial properties of phagocytes reach full potency. Importantly, 
C. albicans can alter this process, subverting these maturation steps in ways we are only 
beginning to identify.  
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Phagosomal fusion with the lysosome and maturation can be monitored in part by 
studying the Rab GTPases that colocalize with the phagosomal compartment at a given time. 
These proteins are important regulators that signal to other intracellular organelles and can 
modulate vesicle trafficking and release of contents in a sequential manner (Desjardins et al. 
1994). During fungal infections, the first GTPases to localize to the phagosome are Rab2, 
Rab5, and Rab14. Rab5 allows phagosomal interaction with both early and late endosomes, 
signaling for delivery of important antimicrobial components after infection (Gutierrez 
2013). Subsequent Rab7 localization is also critical, as this small GTPase recruits the Rab7-
interacting lysosomal protein that can then bring microtubule-associated motors to the 
phagosomal membrane in order to physically contact endocytic compartments (Harrison et 
al. 2003).  
These initial steps signal for recruitment of the vATPase which begins to acidify the 
phagosomal lumen from a neutral pH to increasingly acidic pH (~6.2). Further acidification 
of the phagosomal lumen occurs after fusion of the lysosomal compartments, which is 
mediated by Rab7, the microtubule organizing center, and the acquisition of LAMP-1 and 
LAMP-2 (Huynh et al. 2007). Once lysosomal fusion occurs, the phagolyosomal pH 
drastically reduces to ~5.0. This pH allows for activity of several hydrolases and represents a 
generally inhospitable pH for ingested microbes.  
The antimicrobial activity of the phagosome is multifactorial (Figure 1-1) and is the 
result of several components as well as nutritional starvation (Garin et al. 2001). Upon 
phagocytosis, one of the most crucial processes is the release of reactive oxygen and reactive 
nitrogen species. Phagocytic cells are incredibly prolific in making and secreting these 
compounds, with some reports indicating that macrophages can release up to 60 µM nitric 
oxide and just under 15 mM hydrogen peroxide when stimulated (Winterbourn et al. 2006). 
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For context, in vitro experiments have shown that C. albicans begins to be hydrogen 
peroxide susceptible when levels approach 5 mM (Kaloriti et al. 2014). NADPH oxidase 
generates these reactive oxygen species, transferring electrons from cytosolic NADPH to 
oxygen. Through this process, a superoxide anion is generated which serves as a precursor 
for other reactive oxygen metabolites, including hydrogen peroxide and hypochlorous acid. 
The activity of the NADPH oxidase responsible for the generation of these compounds is 
necessary for survival after infection, as experimentally tested in the zebrafish model of 
infection and suggested in a murine model of infection as well (Brothers et al. 2013; Qian et 
al. 1994). These data, in conjunction with the clinical occurrence of recurrent Candida 
infections of patients with CGD highlight the importance of oxidative stress as generated by 
phagocytic cells. Other factors that are present within the phagosome and contribute to the 
killing of C. albicans are osmotic and cationic stresses which, when combined with oxidative 
stress, increases killing of the yeast cell (Kaloriti et al. 2014).  
Of note, there is another scenario where phagolysosome fusion and maturation can 
occur without the fusion of endosomes by utilizing the autophagic machinery of the 
macrophage, termed LC3-associated phagocytosis (Pauwels et al. 2017). However, the 
machinery required for the process has been shown to not be involved in susceptibility to 
infection with C. albicans, indicating that maturation occurs in a stepwise manner through  
early/late endosome fusion and recruitment of Rab GTPases (Smeekens et al. 2014). 
 
Response to phagosome-associated stressors  
 Within the phagosome and perhaps within other host nicheS, there are considerable 
cellular stresses. As outlined earlier, one of the largest threats to survival is reactive oxygen 
and nitrogen species. C. albicans is able to deal with these toxic products by generating 
antioxidants such as catalase and superoxide dismutases. Though not much is known about  
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Figure 1-1: After phagocytosis by macrophages, C. albicans is faced with a multitude of 
cellular stresses. Decreased pH, influx of cations, release of reactive oxygen and nitrogen 
species occur in complex with antimicrobial peptides, hydrolases, and proteases. These 
released factors are a result of a complex phagosomal maturation process and are brought to 
the phagosome through the fusion of early and late endosomes and lysosomal compartments. 
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how C. albicans combats nitrosative stress in vivo, there is some overlap of cells undergoing 
exposure to nitric oxide as to oxidative stressors when investigated by in vitro transcriptional 
profiling (Shapiro et al. 2009; San José et al. 1996; Ullmann et al. 2004). In order to combat 
osmotic stressors, which disturb the membrane integrity and disrupt water gradients, cells 
accumulate glycerol through the means of the transcription factor Hog1 (San José et al. 1996; 
Enjalbert et al. 2006). 
Escape from phagocytosis 
While it has been well-characterized that bacterial pathogens, such as L. 
monocytogenes, can actively manipulate the recruitment of Rab GTPases to the phagosomal 
membrane (Alvarez-Dominguez et al. 2008), this has not been shown to occur when C. 
albicans is phagocytosed. What has been shown is that viable C. albicans cells delay normal 
phagolysosomal maturation, in contrast to heat-killed cells (Lewis et al. 2012; Fernández-
Arenas et al. 2009). Rab14 association with the phagosome, important for downstream 
signaling of lysosomal marker acquisition, is associated with yeast cells but is dysregulated 
when hyphal formation occurs (Garin et al. 2001). Also, recent studies have shown a 
decrease in Cathepsin B recruitment to phagosomes, warranting further study into how C. 
albicans manipulates maturation or delivery of important vesicular cargo (Bain et al. 2014). 
These scenarios offer evidence for delayed phagosomal maturation, that may be a result of 
several C. albicans-induced responses.  
One of the most well-characterized responses of C. albicans after phagocytosis is the 
remarkable ability to manipulate the phagolysosomal pH. While maturation of the organelle 
can create environments of pH 5 and below, C. albicans can manipulate the phagosomal pH 
as a consequence of the metabolism of several carbon sources that are available within the 
phagosome (Vylkova and Lorenz 2014; Vesely et al. 2017; Danhof et al. 2016). Evidence for 
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this is presented in Chapters 3 and 4 of this work. pH neutralization allows for filamentation 
and for eventual escape from the cell. Hyphal formation, or filamentation, is repressed 
transcriptionally at pH below 5.5, largely through the transcription factor Rim101 (Davis 
2003). By manipulating the environmental pH to levels above pH 5.5, C. albicans undergoes 
hyphal morphogenesis and may use this hyphal formation as a means for mechanical escape 
from both the phagosome and eventually the macrophage itself. As large hyphal filaments 
being to grow larger than the phagosome, it is likely that the phagosomal membrane may be 
compromised, allowing for continued growth. After the phagosomal membrane in 
compromised, C. albicans has access to the intracellular contents of the macrophage and 
escapes the degradative enzymes concentrated within the phagolysosome. Hyphal formation 
continues until mechanical rupture of the macrophage itself leads to the escape of the C. 
albicans cell from the phagocyte. Many groups have observed this phenomenon to occur, and 
is likely a mechanism that Candida uses during interaction with host phagocytes. 
Pyroptosis is a form of regulated cell death that has been documented by several 
groups to occur after macrophage phagocytosis of C. albicans (Uwamahoro et al. 2014; 
O’Meara et al. 2015; Vylkova and Lorenz 2017). This form of cell death differs from 
apoptosis, where the cell is still intact and signals to other cells for phagosomal clearance. 
The end result of pyroptosis is pore formation by the molecule gasdermin, which degrades 
the membrane of the cell and causes lysis by the inward flux of ions and water (Jorgensen 
and Miao 2015). This process is modulated by the activation of Caspase-1, which functions 
as both an initiator and effector protease. Caspase-1 is activated by the inflammasome, in the 
case of C. albicans via the NLRP3 inflammasome which is downstream of SYK signaling 
through many PRRs, such as Dectin-1 (Gross et al. 2009; Joly and Sutterwala 2010; Hise et 
al. 2009). This inflammasome is comprised of a Nod-like receptor (NLR), and the ASC 
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(apoptosis-associated speck-like protein containing a carboxy-terminal CARD), which when 
both are activated, then signal to Caspase-1 cleavage and downstream events. Caspase-1 then 
signal for downstream cleavage of the cytokine Il-1 to the active, pro-inflammatory form Il-
1b, which is released from the cell and promotes inflammation and secondary phagocyte 
recruitment. Murine models of candidiasis infection with animals lacking components of the 
NLRP3 inflammasome (and therefore defective in pyroptosis) are hyper-susceptible to C. 
albicans infection (Hise et al. 2009). Thus far there have only been a few reports 
characterizing the C. albicans components necessary to activate or manipulate pyroptosis and 
this is an active area of research. Recent work has implicated ergosterol exposure, pH 
neutralization of the phagosome, and the Hog1-activated signaling pathways (Koselny et al. 
2018; Vylkova and Lorenz 2017; O’Meara et al. 2018).  
Metabolic Flexibility of C. albicans  
Response to the nutritionally poor environment of the phagolysosome by C. albicans 
has been investigated by utilizing the macrophage model of infection and characterizing the 
carbon source preferences of this fungal pathogen. In addition to the effect of pH 
neutralization within macrophages, C. albicans has a remarkable ability to utilize many 
carbon sources. Outlined in Figure 1-2 is a model of pH neutralization by three distinct 
classes of carbon sources, amino acids, carboxylic acids, and the amino sugar N-
acetylglucosamine. These alternative carbon sources are not preferred by many fungi, and the 
fact that C. albicans can catabolize these as sole carbon sources underscores the evolution 
this fungus has undergone to survive in the human host.  
Carbon catabolite repression, present in bacteria and many fungi, serves to 
downregulate the proteins available for ‘alternative’ (non-preferred) carbon substrates when 
in the presence of a more favorable carbon source such as glucose. For example, in S. 
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Figure 1-2: Three distinct carbon sources trigger pH neutralization in vivo and in the 
macrophage phagosome. These three carbon sources are metabolized through genetically 
distinct mechanisms. Amino acids are imported into the cell via amino acid permeases 
(AAPs) and then split into the carbon backbone and the amide group. AAPs and other 
constituents of this pathway are dependent on Stp2, a transcription factor that controls amino 
acid utilization. The carbon backbone is shuttled towards gluconeogenesis to either be used 
in glycolysis or used as a structural precursor for synthesis of other needed molecules. The 
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amide group is extruded from the cell by the activity of Ammonia Transporter Outwards 
(Ato) proteins in the form of ammonia to avoid intracellular toxicity. The metabolism of 
amino acids leads to an increase in environmental pH, which can then trigger hyphal 
morphogenesis. N-acetylglucosamine (GlcNAc), when imported by the GlcNAc-specific 
transporter Ngt1, can also trigger pH neutralization after metabolism. However, the 
transporter for ammonia when released from GlcNAc is unknown. GlcNAc is metabolized in 
an Stp2-independent manner and can be used for glycolysis or to form chitin or GPI anchors 
for other proteins in the cell. GlcNAc-induced pH neutralization results in hyphal 
morphogenesis, in concert with exogenous GlcNAc which is a potent hyphal inducer. 
Carboxylic acids are imported into the cell through Jen1 or Jen2 and also result in the 
neutralization of pH after metabolism, though this is not through detectable ammonia and 
may not require a transporter. Importantly, metabolism of, and pH neutralization as a result 
of, carboxylic acids does not induce hyphal morphogenesis.  
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cerevisiae, the presence of glucose induces fermentation, but represses respiration and the 
cellular machinery needed to metabolize other carbon sources such as ethanol or lipids 
(Conrad et al. 2014). Repression occurs via the AMP-kinase, Snf1, whose signaling pathway 
results in the activation of the transcriptional repressor Mig1. After available glucose is 
utilized, deactivation of Snf1 and derepression of carbon-source responsive element (CSRE)-
containing genes causes transcriptional upregulation of the machinery needed for utilizing 
alternative carbon sources available to the cells. C. albicans, in contrast, still experiences 
glucose repression at the transcriptional level where glucose shuts down the transcription of 
most alternative carbon pathways, however, addition of glucose does not lead to immediate 
degradation of proteins (Sandai et al. 2012; Childers et al. 2016). In the absence of glucose, 
C. albicans upregulates multiple pathways at the same time, whereas S. cerevisiae uses a 
hierarchical system to turn on metabolic pathways in sequential order. This may serve the 
fungus well when within the host, as there are many known niches of colonization that can 
change the available nutrient pool (Barelle et al. 2006). Evolutionary rewiring of carbon 
catabolite repression in C. albicans has a demonstrated virulence benefit for this fungus, as 
shown recently (Childers et al. 2016).  
The ability of C. albicans to quickly integrate available carbon sources is 
demonstrated by transcriptional and proteomic studies of fungal yeast cells when 
phagocytosed by macrophages and supported by in vivo studies investigating alternative 
carbon utilization (Lorenz, Bender, and Fink 2004; Fernández-Arenas et al. 2007; Barelle et 
al. 2006). Upon internalization, substantial reprogramming occurs that supports the 
hypothesis that the phagosome is relatively sugar-poor. Genes necessary for gluconeogenesis, 
b-oxidation of fatty acids, and the glyoxylate cycle are upregulated; this occurs in complex 
with downregulation of genes responsible for glycolysis and ribosomal biogenesis. The 
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glyoxylate cycle is a process where small carbon moieties (such as lactate) can be integrated 
into the TCA cycle through the activity of isocitrate lyase and is necessary for fungal 
virulence of C. albicans (Lorenz and Fink 2001). Additionally, mutations in the 
gluconeogenic gene FBP1 confer attenuated virulence of C. albicans, further illustrating the 
importance of alternative carbon sources (Ramírez and Lorenz 2007).  
By investigating a subset of genes upregulated in response to phagocytosis, our lab 
has demonstrated that C. albicans utilizes amino acids as a carbon source; the capacity for 
metabolism of amino acids also confers the ability to neutralize acidic pH. Amino acids are 
sensed via the amino acid sensor Ssy1, which transmits signal to Ssy5 and Ptr3, resulting in 
cleavage and nuclear localization of the transcription factor Stp2 (Martínez and Ljungdahl 
2005; Miramón and Lorenz 2016). This transcription factor can then upregulate further 
amino acid permeases (AAPs) to increase uptake of amino acids, as well as induction of 
genes necessary for amino acid catabolism. During the utilization of amino acids, cells must 
also extrude toxic ammonia derivatives that result from deamination. The transporters 
predicted to be responsible for extruding putative amine groups released as a result of 
deamination, the Ato transporters 1-10, are under current investigation by members of our 
lab (Danhof and Lorenz 2015).  
Due to extrusion of ammonia byproducts, the extracellular milieu that surrounds C. 
albicans increases in pH, in striking contrast to when glycolysis takes place (Vylkova et al. 
2011). We, among others, have studied the genetic requirements for this to happen in vitro. I 
will discuss my contributions to this in Chapter 3 of this thesis. It is also known that this 
process is relevant in vivo, as it is possible to measure the acidification of the phagosome 
using fluorescence microscopy. Mutations in any of the genes responsible for amino acid 
sensing, Stp2, or Stp2-dependent genes have demonstrated survival defects after 
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phagocytosis and exhibit attenuated virulence in murine models of infection (Vylkova and 
Lorenz 2014; Danhof and Lorenz 2015; Miramón and Lorenz 2016). The abundance of 
amino acids within the host has been observed by studying various C. albicans strains with 
amino acid auxotrophies (Noble and Johnson 2005). Auxotrophic mutants retain viability 
within the host indicating the corresponding amino acids are readily available; lending 
support to the idea of amino acids being an available carbon source to C. albicans.  
Upon further study, it was found that C. albicans can utilize two other classes of 
carbon sources to raise the environmental pH in vitro and within the macrophage phagosome; 
carboxylic acids and N-acetylglucosamine (Figure 1-2). Carboxylic acids are weak acids that 
are commonly found in a variety of host niches, with lactate being the most heavily studied 
due to its effects on the cell wall of C. albicans and abundance in the host. Interestingly, 
hyphal formation does not occur when carboxylic acids are utilized as the sole carbon source 
nor can ammonia be detected as a result of pH neutralization, differing from amino acid 
utilization. My contributions to the discovery of carboxylic acid-induced pH neutralization 
and resulting morphogenesis will be discussed in Chapter 3. Recently, there was a report of 
C. albicans being able to neutralize the pH when N-acetylglucosamine was provided as the 
sole carbon source (Naseem, Araya, and Konopka 2015). In collaboration with James 
Konopka (Stony Brook University), I have investigated if this pathway of pH neutralization 
is also dependent on Stp2. As discussed in Chapter 4 of this dissertation, N-
acetylglucosamine (GlcNAc) is a genetically distinct process that C. albicans utilizes both in 
vitro and within the macrophage phagosome. The genes necessary for N-acetylglucosamine 
import and catabolism are also necessary for full virulence of C. albicans (Naseem et al. 
2011; Singh, Ghosh, and Datta 2001). Ngt1, the first described eukaryotic GlcNAc-
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transporter, is only necessary in some contexts, possibly indicating that the levels of GlcNAc 
within the host are sufficiently high as to overwhelm non-specific transporters.  
In addition to functioning as a reliable carbon source and eliciting pH neutralization, 
GlcNAc alters other well-described virulence mechanisms. Being a potent hyphal inducer, 
exposure to GlcNAc can stimulate rapid hyphal morphogenesis (Simonetti, Strippoli, and 
Cassone 1974). Filamentation, in concert with upregulation of adhesins and complex 
signaling pathways that could affect resident bacteria and mammalian cell physiology, 
indicates that GlcNAc is of importance well beyond the macrophage phagosome (Shamoon 
Naseem and Konopka 2015).  
Extending transcriptional profiling to CUG clade species  
 Studying macrophage-C. albicans interactions provides insight about the 
requirements of this fungal pathogen to survive and evade the immune system. Previous 
microarray studies have been helpful in deciphering the transcriptional processes occurring 
after phagocytosis by macrophages (Lorenz, Bender, and Fink 2004). However, recent 
advances in technology have allowed us to ask broader questions with greater resolution. 
These advances, combined with differences in the relative virulence between several 
Candida spp., led to an investigation of the transcriptional profiles of seven closely-related 
strains in comparison to C. albicans after macrophage phagocytosis (Figure 1-3-A). These 
species are all members of the CUG clade; a phylogenetic group that is defined by non-
canonical codon usage that occurs 97% of the time during protein translation. In this case, the 
CUG anticodon is matched to a tRNASer as opposed to tRNAleu ( Miranda et al. 2013; Santos 
et al. 2011). 
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Figure 1-3: C. albicans and seven representative species of the CUG clade were 
investigated. A) Phylogenetic relationship between the species tested. B) Relative virulence 
of each Candida spp.. This model is a culmination of in vitro assays, clinical incidence rates, 
and murine models of infection.  
___________________________________________________________________________  
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Each of these strains has a different susceptibility to many in vitro stress assays, as 
well as different outcomes of macrophage co-incubation (Priest and Lorenz 2015). These in 
vitro data, in conjunction with reported clinical incidences (Enoch et al. 2017) and murine 
models of infection (Arendrup, Horn, and Frimodt-Møller 2002) demonstrate that, while 
closely-related to each other, these strains are remarkably different in relative virulence 
(Figure 1-3-B). Previous studies comparing C. albicans and its closest relative, C. 
dubliniensis, have revealed new virulence factors, demonstrating the power of comparative 
analysis (Spiering et al. 2010). As detailed in Chapter 5 of this thesis, we discovered several 
key features of C. albicans as compared to the other tested species by assessing the 
transcriptional response of each species after one hour of incubation with primary bone 
marrow-derived murine macrophages. First, the prevailing response of each Candida spp. is 
an upregulation of genes required for alternative carbon metabolism and generation of 
cellular energy accompanied by downregulation of genes associated with ribosome 
biogenesis and protein translation. Second, a core subset of genes in each species are 
upregulated to a greater degree than the other species tested, offering an opportunity to study 
the necessity of each particular pathway to macrophage phagocytosis and survival after this 
interaction. Third, we have discovered a subset of genes in C. albicans that may serve as 
important virulence modulators and feature varying levels of conservation and transcriptional 
regulation across the tested CUG species.  
Small proteins are important mediators of pathogenesis 
There are key features of RNA sequencing as compared to microarray studies that 
demonstrate the robustness of this experimental method and the resulting data. For example, 
there are many newly annotated genes in the C. albicans genome that are revealed to be 
upregulated after macrophage phagocytosis that have evaded detection in other experimental 
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investigations. These newly annotated open reading frames and the proteins they encode 
represent new areas of biology. By investigating the identities of uncharacterized and newly 
annotated genes, we have discovered that small open reading frames are enriched in the 
transcriptional program of C. albicans after phagocytosis. This is an emerging area of 
biology, with several fields of study beginning to embrace the importance of these 
uncharacterized small genes (Storz, Wolf, and Ramamurthi 2014; Boekhorst, Wilson, and 
Siezen 2011; H. Cheng et al. 2011; Andrews and Rothnagel 2014; Hellens et al. 2016). 
Examples of newly discovered small open reading frames and their products have emerged in 
studies that range from plant morphogenesis (Hanada et al. 2013), bacterial virulence factor 
regulation (Alix and Blanc-Potard 2008), and cardiac function in animals (Magny et al. 
2013). By expanding the boundaries of what constitutes a gene and coded protein to include 
smaller products, there have new discoveries in basic biological processes that was not 
previously possible when using more stringent open reading frame length cutoffs.  
The advances in knowledge when small proteins have been investigated is 
exemplified with regard to pathogenic organisms. Small proteins have numerous virulence 
properties in bacterial, fungal, and parasitic pathogens. One such example is a newly 
annotated gene in Cryptococcus neoformans, a fungal pathogen commonly associated with 
cryptococcal meningitis. Hva1 is a 75-amino acid protein that affects NADPH metabolism of 
this fungal pathogen and deletion strains are hypervirulent compared to parental strains 
(McClelland et al. 2016). This small protein, completely unstudied at the outset of these 
efforts, is hypothesized to affect NADPH pools within C. neoformans. A study in Salmonella 
enterica identified a novel small protein, MgtR, that is involved in the regulation of 
magnesium uptake via its effects on the virulence factor MgtC (Alix and Blanc-Potard 2008). 
When MgtR is overexpressed in S. enterica, there is a virulence defect after macrophage 
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phagocytosis. These are but two examples of the wealth of literature in recent years reporting 
small proteins to be important mediators of virulence (Ericson et al. 2014; Gannoun-Zaki et 
al. 2013; Soumpourou et al. 2007; Martin et al. 2015; Duval and Cossart 2017; Isaac et al. 
2015). Work described in Chapter 5 of this dissertation details recent efforts to describe a set 
of uncharacterized small open reading frames that we hypothesize to have important roles in 
the virulence of C. albicans.  
Significance  
C. albicans is the fourth most common cause of disseminated bloodstream infections 
in hospitals. Morbidity rates are high and it is unique in that it is the predominant fungal 
pathogen found in these settings. Currently, there are only three well-described antifungal 
drugs in use in clinical applications. With an ever-increasing number of patients experiencing 
predisposing medical treatments, it is likely that the number of severe fungal infections will 
only continue to rise. While morbidity and reports of antifungal resistance continue to 
increase, types and number of antifungal treatment options remain stagnant. When put into 
the context of rising rates of antibacterial resistance in bacterial pathogens, where there are 
dozens of treatment options available, there is an increased concern about the parcity of 
antifungal drugs. Thus, there is a continued need for scientific discovery of fungal-specific 
drug targets to expand treatment options in the future. To discover new targets, however, 
novel fungal-specific virulence mechanisms must be identified and then studied in detail. 
The work presented here represents investigations into C. albicans interactions with 
macrophages. Upon phagocytosis, the fungal cell is faced with a wide variety of 
antimicrobial assaults. As the phagosome is hypothesized to be a sugar-poor environment, it 
is remarkable that C. albicans is able to not only survive in this compartment but gain the 
cellular energy required for massive morphological changes and subsequent escape. Survival 
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is due to the presence of many different alternative carbon sources and the ability of the 
fungus to catabolize these carbon sources efficiently, resulting in pH neutralization and 
hyphal morphogenesis. Work in this thesis describes new genetic contributors to amino acid 
and carboxylic acid utilization as well as describing the third genetically distinct mechanism 
of pH neutralization, GlcNAc catabolism. There are also unknown aspects of C. albicans 
interactions with macrophages that serve as promising new avenues for study. One such 
protein, Mia1, was identified in a comparative transcriptional profiling experiment and serves 
to increase adhesion of yeast form cells. The importance of this small protein in epithelial 
cell interactions, macrophage survival, and virulence in mammalian models of infection 
highlights the importance of studying uncharacterized genes to reveal their functions. 
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Chapter 2: Materials and Methods 
 
 
 
 
 
 
 
 
NOTE: Portions of this chapter are a result of work published in 2016: Danhof HA, Vylkova 
S, Vesely EM, Ford AE, Gonzalez-Garay M, and Lorenz MC. “Robust Extracellular pH 
Modulation by Candida albicans during Growth in Carboxylic Acids” mBio Nov15;7(6) 
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Candida albicans strains, culture procedures, and growth conditions  
C. albicans strains were routinely propagated in YPD medium (1% yeast extract, 2% 
peptone, 2% glucose, with or without 2% agar for solid or liquid medium) at 30°C (Sherman 
2002). Experiments performed with amino acids as the sole carbon source were incubated in 
a minimal yeast nitrogen base with either 0.5% ammonium sulfate (YNB) or 0.5% allantoin 
(YNBA) as the nitrogen source, as indicated. Media were adjusted to a pH of 4 prior to pH 
neutralization assays using HCl. Experiments testing N-acetylglucosamine utilized a minimal 
YNB media (YNBAG) with the specified carbon source and 0.5% allantoin as the nitrogen 
source and 0.5% glycerol. The use of glycerol in this media is to allow for some growth 
support of genetic mutant strains; glycerol does not affect pH neutralization (Vylkova et al. 
2011). 
Genetic Screens  
Genetic screening of C. albicans deletion library sets in a-ketoglutarate 
 The Noble genetic deletion library (Noble et al. 2010) was screened in 96-well 
format. Plates were recovered from -80°C frozen stocks in YPD overnight at 30°C. 5 µL of 
each strain was inoculated into 96-well plates with 200 µL YNBA +10 mM alpha-
ketoglutarate, pH adjusted to 4 supplemented with 0.01% bromocresol purple pH indicator. 
40 uM Arginine was also added to account for ARG4-/- auxotrophy. These plates were 
incubated, shaking, at 37°C for 48 hours. Strains that failed to neutralize the media were then 
confirmed in 5 mL cultures (described in ‘pH neutralization’) 
 
Genetic screening of C. albicans deletion library sets in amino acids  
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Available homozygous mutant libraries (Noble et al. 2010; Homann et al. 2009) were 
initially screened in 96-well format. Plates were recovered from -80°C frozen stocks in YPD 
overnight at 30°C. 5 µL of each strain was inoculated into 96-well plates with 200uL YNBA 
+ 1% casamino acids, supplemented with 0.01% phenol red or 0.01% bromocresol green pH 
indicators. These plates were incubated, shaking, at 37°C for either 16 hours (bromocresol 
purple) or 24 hours (phenol red). Strains that failed to neutralize the media were then 
analyzed in a secondary screen with a larger (5 mL) format using culture tubes in a rolling 
incubator to confirm growth and pH defects. Growth (OD600) and pH were measured at the 
indicated timepoints using a standard spectrophotometer and pH electrode (Vylkova et al. 
2011). 
Genetic Manipulation of Candida albicans  
SMA12 and SMA5 were genetically deleted through CRISPR/Cas9 directed double 
strand break within the open reading frame guided by a specific 13 nucleotide sgRNA 
followed by homologous recombination integration of a selectable marker cassette flanked 
with 50bp of the annotated 5’ and 3’ untranslated regions constructed by PCR. The selectable 
marker cassette has previously been described (Morschauser) and contains a FLP/FRT 
recyclable element that allows for subsequent excision of the cassette, leaving a 34 base pair 
FRT insertion scar. This deletion strategy allows for efficient deletion of the entire gene of 
interest in prototrophic strains and the opportunity to create complemented strains to study if 
subsequent phenotypes are linked to the gene of interest or due to random mutations 
following transformation. By linking the newly described CRISPR/Cas9 system for C. 
albicans with previously used deletion cassettes, the likelihood of success after 
transformation has increased from ~10% of colonies screened to over 80% of colonies 
screened, though the exact percentage of correct integration and gene deletion appears to be 
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locus dependent. Sma5∆ and sma12∆ strains were subsequently manipulated to express a 
single copy of SMA5 and SMA12, respectively. This was done by cloning the promoter 
region upstream of the open reading frame of each gene (~1000 base pairs upstream of the 
transcriptional start site) into the previously described CIp10 plasmid, which has been 
modified to feature the SAT1 gene and confer NatR. This plasmid features a region of 
homology that, once linearized, integrates into the RPS10 locus, a known “safe haven” area 
that does not affect C. albicans virulence. These genetically reconstituted strains remain 
Nourseothricin resistant after manipulation, in contrast to the sma5∆ and sma12∆ strains after 
manipulation.  
SMA6 and SMA13 were genetically deleted by homologous recombination by 
integration of a selectable marker cassette flanked with 300bp of the annotated 5’ and 3’ 
untranslated regions constructed by In Fusion Cloning. This method of cloning allows for 
overlap of 20 base pair regions of homology to construct a plasmid with several inserts. In 
this case, however, the plasmid was created in two steps. First, the 300bp upstream of the 
transcriptional start site were inserted upstream of the first flanking FRT sequence in the 
plasmid pSFSII. Verification was performed by restriction digest. Next, the 300 base pairs 
downstream of the transcriptional stop site was inserted downstream from the second 
flanking FRT sequence of the same plasmid. Verification at this step was performed by 
restriction digest with KpnI, where only if both sites were inserted would the entire deletion 
cassette would be liberated. This created a plasmid that is specific for each gene and can be 
stored and re-used, differing from modern CRISPR/Cas9 techniques. While recombination 
and correct insertion of this linearized plasmid is less efficient that newer techniques, storage 
of the completed genetic deletion construct can be useful. Using this method, however, two 
transformations are needed in order to delete both alleles of each gene. Therefore, the time to 
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genetic deletion is increased greatly as compared to newer techniques but offers the 
opportunity to study heterozygous mutations.  
 
Epitope tagging of MIA1 
In order to facilitate further downstream applications, Mia1 was tagged with several 
epitopes on the C- terminus of the protein in C. albicans strain CAI4. This was completed by 
integration by homologous recombination of PCR products amplifying the epitope tags and 
URA3 gene encoded on pFA-HA-URA3, pFA-TAP-URA3, and pFA-MYC-URA3 (Lavoie). 
These PCR amplifications also modify this region by adding 80 base pairs of homology 
directly upstream of the transcriptional stop site (not including the stop site) of MIA1 and 80 
base pairs of homology directly downstream of the transcriptional start site. Integration of the 
epitope tags using this method was confirmed by PCR, probing for correct fusion of the 
MIA1 open reading frame and the URA3 marker. Derivatives of the ngt1∆, h-d, and stp2∆ 
mutants with a plasma membrane-localized GFP to facilitate the lysotracker quantification 
experiments were generated by Robert Williams by integrating a PMA1-GFP translational 
fusion, as described (Miramón and Lorenz 2016). 
 
Saccharomyces cerevisiae heterologous expression of MIA1 
 Plasmid p416-GPD ((Mumberg, Müller, and Funk 1995) was digested with EcoRI 
and HinDIII and a PCR-amplified product of C. albicans MIA1 open reading frame flanked 
with EcoRI and HinDIII was inserted by bacterial cloning. This PCR product was the native 
open reading frame of MIA1 or modified to feature a FLAG epitope sequence. Genetic 
transformation of S. cerevisiae with resulting plasmids was performed with a standard 
lithium acetate protocol (Gietz and Schiestl 1991).  
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In vitro Assays  
Automated growth Assays and Cell stress assessment 
 C. albicans cells were grown overnight at 30°C in a rolling incubator, then sub-
cultured from an OD600 of 0.2 until logarithmic growth was reached (OD600 0.6-0.8). Cells 
were then washed with 1x PBS and normalized to an OD600 of 0.2 in YPD growth medium 
for liquid growth assays. 100 µL of cells were then inoculated into 100 µL of growth 
medium containing YPD, YNB, or RPMI for growth assessment supplemented with 
additional stressors if used. For growth curves with or without stress, samples were grown at 
37°C or 30°C where indicated and OD600 readings were taken every 10 minutes on a 
BioTek or Cytation5 machine. Solid assays differed in that cells were normalized to an 
OD600 of 1 after washing and were directly spotted on solid medium plates or were serially 
diluted (10-fold dilution scheme) before being inoculated with a multi-pinned inoculating 
device (“pronger”). Concentrations of stressors are indicated where used.  
 
pH Neutralization Assay  
Quantitative analysis of mutant pH phenotypes were assessed in a time course over 
24 hours in triplicate experiments. Cells were grown overnight at 30°C in a rolling incubator, 
then inoculated at an OD600 of 0.2 in 5 mL YNBA + indicated carbon source. GlcNAc pH 
neutralization required cells in be washed in water 3x to remove residual glucose. Growth 
and pH were monitored at 2, 4, 6, 8, and 24 hours post-inoculation by a standard 
spectrophotometer and pH electrode. In some cases, strains were also assessed on solid 
YNBA + 1% casamino acids, supplemented with 0.01% phenol red. C. albicans cells were 
grown overnight at 30°C in a rolling incubator, washed three times in 1xPBS and then 
normalized to an optical density of 1. 5 µL of cell suspension was inoculated and allowed to 
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dry before placing plates in a 37°C incubator for 48 hours to monitor pH by phenol red color 
change.  
 
Ammonia Release Detection  
Ammonia release from neutralizing colonies was detected as described (Danhof and 
Lorenz 2015). Briefly, 3 µl of C. albicans cultures adjusted to OD600 of 1 was inoculated 
onto solid YNBAG + 20 mM N-acetylglucosamine or 1% Casamino acids media. Ammonia 
was detected after 24, 48, and 72 hours of incubation at 37°C by Nessler’s Reagent from a 
10% citric acid trap in each petri dish. Absorbance was read at 405nm in an automated plate 
reader (BioTek Synergy H4).  
 
Peroxisome proliferation in vitro  
C. albicans cells expressing a PTS1-tagged GFP (yeast enhanced GFP with the amino 
acid sequence DLSKL appended at the C-terminus, containing the canonical PTS1 targeting 
sequence from S. cerevisiae Mls1), as described elsewhere (Ramirez and Lorenz 2009) and 
referred to here as C. albicans + GFP-SKL, were grown in a 30°C rolling incubator overnight 
in YPD. Strains were sub-cultured at an OD600 of 0.2 and grown until they reached 0.6-0.8. 
Cells were incubated at 37°C in a rolling incubator for one1 hour in YNB + 1% glucose, 
YNB + 1% oleate, YNB + 1% casamino acids, and RPMI + 10% fetal bovine serum 
(Seradigm). Fluorescence microscopy was performed on an inverted Olympus IX-81 
microscope, using deconvoluted Z-stacks for an accurate GFP foci count, which represents 
the number of discrete peroxisomes per cell.  
 
Adhesion Assays  
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Cells were inoculated into 5mL YPD and incubated at 30°C in a rolling incubator 
overnight before subculturing in YNB + 2% glucose for five hours at 30°C. After 
enumeration, cells were normalized to 1x106 cells/mL in PBS. 100µL of this suspension was 
placed into a 96 well polystyrene plate in at least triplicate. This plate was incubated on an 
orbital shaker (~75-100 rpm) for one hour at 37°C. Non-adherent cells were removed by 
washing wells with PBS three times. 0.04% Crystal Violet was then overlaid on cells for 45 
minutes. Wells were then washed three times with distilled water before dye liberation with 
95% ethanol for 45 minutes. This supernatant was then read at an absorbance of 595nm on a 
BioTek Cytation 5 plate reader. Readings were normalized to parental controls where 
indicated for a total percent of adhesion relative to the parent in some cases. 
 
Biofilm Assays  
Cells were inoculated into 5mL YPD and incubated at 30°C in a rolling incubator 
overnight before subculturing in YNB + 2% glucose for 5 hours at 30°C. After enumeration, 
cells were normalized to 1x106 cells/mL in PBS. 100 µL of this suspension was placed into a 
96 well polystyrene plate in at least triplicate. This plate was incubated on an orbital shaker 
(~75-100 rpm) for one hour at 37°C. Non-adherent cells were removed by washing wells 
with PBS three times. 200 µL of YNB + 2% glucose was then placed in the wells and the 
plates were incubated for 24 hours on an orbital shaker at 37°C. Biofilms were quantified by 
crystal violet assay as described in “Adhesion Assays.”  
 
Immunofluorescence of epitope-tagged Mia1  
Cells were grown overnight in YPD in the 30°C roller and subcultured in YNB + 2% 
glucose at an OD600 of 0.2 for four hours until 0.6-0.8 was reached. Cells were collected by 
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centrifugation, washed once with PBS and resuspended in 100 µL of PBS. Cells were fixed 
for 15 minutes at 37°C with 2.7% paraformaldehyde pH 7.4 and washed twice with PBS. 
Samples were then washed with 0.1M glycine to reduce free aldehyde reactivity and once 
with PBS before blocking with 1% BSA for 50 minutes at RT with gentle agitation. Cells 
were washed twice with PBS then resuspended in PBS alone or PBS+0.5% Triton-X for ten 
minutes to permeabilize cells. Cells were washed three times with PBS then resuspended in 
1xPBS + 1:1000 a-HA (mouse, Sigma), a-Flag (mouse, Sigma), or a-myc (mouse, Roche) 
antibody for 1 hour at RT with gentle agitation. Cells were washed three times with PBS then 
resuspended in 1xPBS + 1:100 dilution of rabbit a-mouse IgG Alexa Fluor 488 (Thermo) 
secondary antibody, incubated 30 minutes at room temperature with gentle agitation. Finally, 
cells were washed three times with 1xPBS and stored in PBS at 4°C until imaging.  
 
Confocal Microscopy  
 Fixed samples were mounted with ProLong Diamond Antifade mounting media 
(Thermo Fischer) and allowed to dry for 24 to 48 hours before imaging. Images were 
acquired on an Olympus Fluoview FV3000 confocal microscope and analyzed with provided 
software, taking care to not overexpose cells and to adjust LUT to account for inherent 
background signal of C. albicans and S. cerevisiae.  
Tissue culture Assays  
Immortalized Cell Line Propagation  
The murine macrophage cell line RAW264.7 was propagated routinely in RPMI 1640 
with glutamate, 10% fetal bovine serum, and 1% Penicillin/Streptomycin. The murine 
macrophage cell line J774A.1 and HeLa cells were propagated routinely in DMEM with 
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glutamate, 10% fetal bovine serum, and 1% Penicillin/Streptomycin. Macrophages were 
incubated in in a 5% CO2 incubator at 37°C. Macrophages were used in experiments between 
passage 7 and 16, HeLa cells were used after passage 5. Macrophage cell lines were collected 
by mechanical scraping from tissue culture flasks, while HeLa cells were collected and 
passaged by 0.5% trypsin treatment. Cell counting was performed by a Countess II cell 
counter (Thermo) when required. As macrophage populations change between batches and 
fluctuations in initial propagation, biological replicates were performed with the same 
macrophage stock from liquid nitrogen-stored storage stocks.  
 
End Point Survival Assay  
To assess survival of C. albicans strains in co-culture with macrophages we used a 
modified end-point dilution assay (Miramón and Lorenz 2016). To do so, RAW264.7 murine 
macrophages were inoculated in a 96-well plate at a concentration of 2.5x104 cells/well and 
incubated overnight to reach a concentration of 5x104 cells/well. C. albicans strains were 
grown overnight in YPD at 30°C, collected by centrifugation, washed three times with PBS, 
and diluted in PBS. Co-cultures were inoculated starting at an MOI of 1:1 and serially diluted 
5 times before incubation for a total of 16 hours post-inoculation. Absorbance was read at 
490nm in an automated plate reader (BioTek Synergy H4, or BioTek Cytation 5).Graphs 
represent a visual count of colony forming units in row 5 of the serial dilution as compared to 
C. albicans incubated without macrophages present.  
 
Macrophage Cytotoxicity  
Fungal-induced damage to the macrophages was assayed by detection of lactate 
dehydrogenase (LDH) as described (Vylkova and Lorenz 2014) using the Cytotox 96 kit 
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(Promega). RAW264.7 murine macrophages were inoculated in a 96-well plate at a 
concentration of 2.5x104 cells/well and incubated overnight to reach a concentration of 5x104 
cells/well. C. albicans strains were prepared as described above and inoculated at an MOI of 
1:1 and incubated in RPMI at 37°C in 5% CO2 for 16 hours or a MOI of 3:1 and incubated 
for 5 hours. Percent release is relative to chemically-lysed macrophages controls, accounting 
for spontaneous release during incubation time. Absorbance was read at 450nm in an 
automated plate reader (BioTek Synergy H4, or BioTek Cytation 5). 
 
Peroxisome proliferation upon macrophage phagocytosis  
To assess peroxisomal biogenesis after macrophage phagocytosis, 2.5x105 
macrophages per well were seeded in a 12-well tissue culture plate on 18mm round glass 
coverslips. Cells were incubated in RPMI w/ phenol red + 10% fetal bovine serum + 5% 
penicillin/streptomycin overnight in a 37°C incubator supplemented with 5% CO2. 
Macrophage media was changed to RPMI + 10% fetal bovine serum + 5% 
penicillin/streptomycin lacking phenol red for the remainder of the assay. C. albicans + GFP-
SKL cells were washed three times with 1xPBS before adjusting to 5x106cells/mL, 100 µL of 
cell suspension was added to macrophages for a final multiplicity of infection (MOI) of 1:1 
macrophages to Candida. Cells were incubated for one hour in a 37°C incubator 
supplemented with 5% CO2, then stained with calcofluor white (~30 seconds) to differentiate 
internalized Candida cells before fixation with 2.7% paraformaldehyde, pH 7.4. Co-cultures 
were stored in PBS at 4°C until imaging. Fluorescence microscopy was performed on an 
inverted Olympus IX-81 microscope, using deconvoluted Z-stacks for an accurate GFP foci 
count, which represents the number of discrete peroxisomes per cell.  
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Lysotracker Red pH Assessment and Morphological Surveillance  
SC5314, h-d mutant, ngt1∆/∆, and stp2∆/∆ strains were modified to feature a GFP-
tagged Pma1, as previously described (Miramón and Lorenz 2016). RAW264.7 murine 
macrophages were inoculated in 8-well slides at a concentration of 2.5x104 cells/well and 
incubated overnight to reach a concentration of 5x104 cells/well. For Lysotracker 
experiments, macrophages were pre-treated with 0.1mM LysoTracker Red for one hour prior 
to inoculation. C. albicans cultures were prepared as described above and inoculated at an 
MOI 3:1 ratio prior to incubation for 45 minutes in a 5% CO2 incubator at 37°C. For 
morphological surveillance of C. albicans after phagocytosis, co-cultures were incubated for 
one, two, and three hours. Cells were then stained with 1:300 calcofluor white very briefly, 
washed three times with PBS, and fixed with 2.7% paraformaldehyde at 37°C for 15 minutes 
before storage at 4°C in PBS. Co-cultures were imaged under 60x magnification in DIC and 
corresponding fluorescence spectrums. Image analysis was performed using SlideBook 6.0. 
Lysotracker signal to GFP ratio was obtained as previously described (Miramón and Lorenz 
2016).  
 
HeLa adhesion assays 
 HeLa epithelial cells were inoculated onto 18mm round glass coverslips in 12-well 
dishes at a concentration of 0.5x106 cells/mL and incubated overnight to reach 100% 
confluency. Washed C. albicans strains were inoculated at a concentration of 1x105 cells/mL 
and allowed to adhere for one hour before four washes with PBS. After washes, cells were 
fixed with 2.7% paraformaldehyde, pH 7.4 for 15 minutes. Co-cultures were stored at 4°C 
until imaging. Before imaging, cultures were warmed to room temperature and 2 µL of a-
Candida FITC was added to each well before coverslips were inverted and mounted on a 
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microscope slide for viewing. Manual imaging took place at 20x magnification on an 
inverted fluorescent microscope, where 50 frames were taken in a montage array. Automated 
imaging and counting was performed by a BioTek Cytation5 imaging plate reader at 10x 
magnification, taking a montage image of 25 overlapping frames.  
Murine Models of Infection  
All mouse experiments were performed under protocols approved by the Animal 
Welfare Committee of the University of Texas Health Science Center at Houston. Before all 
in vivo mouse experiments, C. albicans strains were grown overnight at 30°C, then diluted 
1:1000 and grown a second time overnight at 30°C. Cells were then washed three times with 
PBS and counted using an automated cell counter (Countess II, Thermo).  
 
Gastrointestinal Colonization Competitive Model  
Amdinistration of drinking water + 2mg/mL Penicillin + 1mg/mL Streptomycin 
began five days prior to inoculation with fungal cells, verifying that there were no 
endogenous yeast species present in fecal sample. After five days, mice were inoculated via 
oral gavage with 500µL of 1:1 (dTomato WT:Strain) 2x107cells/mL suspension in PBS. 
Treatment with Penicillin/Streptomycin H2O was continued throughout the experiment. Fecal 
samples were collected 24 hours after inoculation, then every 7 days until Day 21. Samples 
were weighed and adjusted to 10mg/mL with PBS, then 100  µL of 1:100 and 1:1000 
dilutions were plated onto YPD + Penicillin/Streptomycin. Plates were grown at 30°C for 48 
hours and then left at room temperature until dTomato color developed for counting 
purposes. Data are represented as a competitive index, graphing the number of non-dTomato 
experimental CFU count divided by the dTomato CFU count of each competitive 
inoculation.  
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Oropharyngeal candidiasis (OPC) Model of Infection  
OPC model was performed as previously reported with minor modifications (Solis) 
Briefly, mice were immunocompromised -1 day prior to inoculation with 225 mg kg-1 
cortisone acetate via subcutaneous injection, continuing treatment on Day +1 and +3. The 
day of injection, mice were anesthetized with ketamine xylazine according to IACUC 
approval and inoculated sublingually with a calcium alginate swap submerged into a 
suspension of 1x106 cells/mL for 75 minutes. Mice were kept at temperature with a heated 
blanket and were re-anesthetized with ketamine as needed. At the conclusion of the 
experiment on Day +5, mice were euthanized as outlined in IACUC protocols and tongues 
were resected for fixation.  
 
Fixation and Processing of OPC Tongue samples  
Tongue samples were divided along the sagittal plane, one half for histological 
analysis and the other for qPCR analysis. Histological samples were fixed in 10% phosphate-
buffered formalin for 18 hours at room temperature. Samples were then stored in 80% 
Ethanol at 4°C until paraffin embedding, sectioning, and periodic acid Schiff (PAS) staining 
(performed by UTHealth Department of Pathology).  
 
qPCR determination of fungal burden from OPC Model tissue samples  
Tissues were homogenized in 0.85% saline and stored at -80°C until used. Samples 
were centrifuged to concentrate sample then resuspended in 0.2mL Winston-Hoffman lysis 
buffer (2% triton-x, 1% SDS, 10 mM Tris, 100 mM NaCl, 1 mM EDTA, pH 8), ~200 µL 
glass beads, and 200 µL phenol chloroform. Samples were vortexed for 5 minutes before 
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addition of 200 µL 1xTris-EDTA (TE). Samples were then centrifuged for 5 minutes and 
pellets were dried before resuspension in 1mL ice cold 100% Ethanol and 10 µL 5 M 
ammonium acetate. Samples were then centrifuged and washed with 70% ice cold ethanol 
before resuspension in 15 µL 1xTE. DNA was then quantified by NanoDrop, and samples 
were normalized to 200 ng/µL before addition (5 µL, 1000 ng total DNA) to qPCR Reaction. 
qPCR was then performed with primers “FP 5.8S” and “RP 28S-1” as previously published 
(Khot, Ko, and Fredricks 2009; Graham et al. 2017) using ThermoScientific Verso SYBR 
Green 1-Step qRT-PCR ROX Mix and CFX96 Real Time System (BioRad). Quantification 
was performed by comparison to a standard curve created from SC5314 genomic DNA 
prepared in the same manner as the samples.  
 
Image analysis of OPC Model tissue samples  
Images taken at 10x on a standard microscope were assessed using Fiji for length of 
lesions, depth of lesions, and number of lesions. This was performed by using the “Measure” 
feature of built-in analysis software. 40x images were taken of the most colonized area of 
each sample for later comparison.  
 
Bloodstream Disseminated Model of Candidiasis  
ICR mice aged 7-8 weeks (21-25g) were inoculated via tail vein injection with 500µL 
of a 5x105 cells/mL in PBS of C. albicans strains. 10 mice were inoculated per group. Mice 
were monitored at least twice per day for signs of morbidity; at presentation of severe 
moribund status, mice were humanely euthanized according to IACUC protocols. Survival 
kinetics are represented by number of mice alive at each day until all mice had succumbed to 
infection.  
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Data Analysis of Uncharacterized ORFs and in silico analysis  
Uncharacterized ORFs from Assembly 21 of C. albicans genome (Candida Genome 
Database) were pulled from the list of most upregulated genes (>4-fold) after phagocytosis 
by BMDMs. Each of these ORFs were assessed for the size of potentially encoded protein, 
with a resulting list of 13 small ORFs identified. Genes annotated as ‘pseudogenes’ or 
‘blocked open reading frames’ were excluded. This was also performed for other CUG clade 
species, where the most upregulated open reading frames were assessed for size. These size 
annotations are based on the genomes currently (2018) in Candida Gene Order Browser.  
Multiple sequence alignments were performed using information from Candida Gene 
Order Browser (CGOB), which determines homologs of genes within the CUG clade of 
Candida spp. as well as S. cerevisiae if a homolog exists. Alignment figures were generated 
with T-Coffee (Di Tommaso et al. 2011) and BoxShade (https://embnet.vital-
it.ch/software/BOX_form.html). Phylogenetic trees were created and downloaded directly 
from CGOB (Fitzpatrick et al. 2010; Maguire et al. 2013). 
 
 
 
 
 
 
 
 
 
 
 49 
 
 
 
 
 
 
 
 
CHAPTER 3: Amino Acids and Carboxylic Acids Induce pH Neutralization 
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Introduction 
One of the most important host defense strategies to combat C. albicans 
dissemination is the innate immune system, including epithelial barriers and antimicrobial 
activities of phagocytes (Cheng et al. 2012). As discussed earlier in this dissertation, 
macrophages and neutrophils are phagocytic cells of myeloid lineage that are both capable of 
engulfing C. albicans and deploying a wide range of antimicrobial compounds to destroy the 
fungal cell including reactive oxygen and nitrogen species (Flannagan, Cosío, and Grinstein 
2009). The ex vivo interactions between C. albicans and macrophages can end with  
destruction of either the fungal cell or, more commonly, the macrophage, through the 
physical rupture by Candida hyphal extension, induction of pyroptosis, or a combination 
(Uwamahoro et al. 2014; O’Meara et al. 2015; Vylkova and Lorenz 2017). This dynamic 
interaction is a robust model system in which to identify key determinants of disease 
progression, including stress resistance, nutritional requirements, modulation of phagocyte 
function, and immune recognition (Kaloriti et al. 2014b; Lorenz, Bender, and Fink 2004; 
Barelle et al. 2006; Collette, Zhou, and Lorenz 2014; Wellington, Dolan, and Krysan 2009; 
Bain et al. 2014; Ramírez and Lorenz 2007). 
One key trait of C. albicans both inside the host as a commensal and after 
phagocytosis by a macrophage is a pronounced metabolic flexibility. Nutritional immunity, 
the idea that certain host niches are nutrient-poor, applies to the macrophage phagosome 
which is deficient in sugars; nevertheless, C. albicans obtains enough cellular energy to not 
only survive phagocytosis, but to filament within the macrophage (Lo et al. 1997; Lewis et 
al. 2012). Transcriptional and proteomic profiling studies have shown a significant 
reprogramming of metabolism in phagocytosed cells, with a shift to gluconeogenic growth 
(Lorenz, Bender, and Fink 2004; Fernández-Arenas et al. 2007; Thewes et al. 2007; Barelle 
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et al. 2006). Lactate, amino acids, fatty acids, and N-acetylglucosamine (GlcNAc) have been 
proposed to be available within the phagosome (Lorenz, Bender, and Fink 2004; Danhof et 
al. 2016; Vylkova and Lorenz 2014; Vesely et al. 2017) and, in decided contrast to model 
yeasts, C. albicans appears to maintain the ability to use multiple carbon sources 
simultaneously, even when glucose reappears (Childers et al. 2016; Sandai et al. 2012). This 
nutritional flexibility is a key to virulence, both ex vivo and in vivo; amongst the first 
evidence of this was the observation that a functional glyoxylate cycle is required for full 
virulence (Lorenz and Fink 2001; Piekarska et al. 2006). Subsequently, other metabolic 
pathways including gluconeogenesis, b-oxidation of fatty acids, and GlcNAc catabolism 
have also been implicated in virulence (Barelle et al. 2006; Lorenz and Fink 2001; Piekarska 
et al. 2006; Naseem, Araya, and Konopka 2015). The ability to combat carbon starvation in 
phagocytes is an important characteristic of pathogenic fungi, with examples also being 
Cryptococcus neoformans and Paracoccidioides (Lima et al. 2014; Fan et al. 2005). A key 
feature in all of these species’ responses to phagocytosis is an incorporation of two-carbon 
compounds via the glyoxylate cycle after phagocytosis.  
Amino acids appear to be a particularly relevant carbon source (Vylkova and Lorenz 
2017; Vylkova and Lorenz 2014). For instance, C. albicans cells lacking Stp2, a transcription 
factor that controls the majority of amino acid sensing and expression of downstream 
catabolic genes, are deficient for survival after macrophage phagocytosis (Vylkova and 
Lorenz 2014; Danhof and Lorenz 2015; Miramón and Lorenz 2016). Importantly, amino acid 
utilization results in a striking pH change whereby C. albicans utilizes the carbon backbone 
for cellular energy, and extrudes the amino group in order to neutralize the environmental 
pH, both in vitro and within the phagosome (refer to Figure 1-2). In WT cells, neutral pH 
triggers a morphological transition that allows C. albicans to escape both the phagosomal 
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compartment and inhibits the activity of several pH-dependent degradative enzymes that are 
trafficked to the mature phagosome by lysosomal fusion. Importantly, stp2∆ cells reside in a 
more acidic phagosome than the corresponding control yeast cells, leading to decreased 
survival. 
We and others have shown through genetic and transcriptional approaches that 
carboxylic acids and GlcNAc are also accessible in the macrophage phagosome and are 
important for pH neutralization of the phagosomal compartment (Danhof et al. 2016; Vesely 
et al. 2017). The first section of this chapter will briefly describe a genetic screen that was 
performed to elucidate genetic contributors to pH neutralization and growth when carboxylic 
acids are the sole carbon source. This was a collaborative project and the sections that I 
contributed to will be discussed (Figure 3-1 and Figure 3-2). The second portion of the 
chapter will detail a genetic screen that resulted in further study of the contributions of 
peroxisomes and Tor signaling to pH neutralization when amino acids are the sole carbon 
source.  
Alternative carbon metabolism is compartmentalized in multiple cellular 
compartments, including the mitochondria, cytosol, and peroxisomes, an organelle critical for 
fatty acid b-oxidation and acetate metabolism (Kunze and Hartig 2013). Peroxisome function 
has been previously implicated in virulence in C. albicans (Ramírez and Lorenz 2007; 
Piekarska et al. 2008), but not in amino acid homeostasis, which is more often associated 
with the vacuole where excess amino acids are stored. Intracellular signaling of amino acid 
availability is mediated by the TOR (Target of Rapamycin) pathway, particularly the TORC1 
branch, whose key components localize to the vacuolar membrane (Loewith and Hall 2011). 
A role for peroxisomes and TOR signaling in host-relevant amino acid catabolism by C. 
albicans has not been reported previously.  
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Given the importance of metabolic flexibility in the virulence of this pathogen within 
the mammalian host, we sought to further understand the genetic requirements for amino acid 
utilization and pH neutralization by performing a forward genetic screen. We describe here 
new genetic contributors to pH neutralization and amino acid metabolism, including 
peroxisome functions and TOR signaling. This work also serves to further underline the 
importance of pH neutralization by studying genes required for robust pH neutralization that 
do not have significant growth defects and identifying several gene mutations which render 
cells incapable of growth with amino acids as the sole carbon source.  
Results  
Genetic screen for contributors to growth in carboxylic acids and pH neutralization  
Work performed by another graduate student in the lab, Heather Danhof, indicated 
that Stp2 and other downstream proteins were not necessary for pH neutralization with 
carboxylic acids (Danhof et al. 2016).This led me to perform a genetic screen with carboxylic 
acids as the main carbon source, screening the Noble library (Noble and Johnson 2005). 
Slavena Vylkova performed a complementary screen investigating the Homann library, 
which resulted in the discovery that CWT1 was important for pH neutralization. The Homann 
library includes 166 homozygous mutations in putative transcriptional regulators (Homann et 
al. 2009), while the Noble library contains homozygous deletions in ~674 genes with a wide 
array of predicted functions (Noble et al. 2010). Both libraries contain two independently 
constructed mutants for most genes, increasing the robustness. To perform the screen, we 
transferred cells of each strain growing in rich yeast extract-peptone-dextrose (YPD) medium 
to 96-well plates containing a minimal medium (YNB) with 10 mM alpha-ketoglutarate 
(αKG) as the carbon source, adjusted to pH 4 and containing bromocresol purple to visualize 
the pH. Both of these libraries are auxotrophic for arginine (arg4Δ), so our screening media 
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also contained 40 µM arginine, a concentration empirically determined to be the minimal 
amount needed to support full growth. Plates were incubated at 37°C for 24 to 48 hours and 
inspected visually for wells in which the 1) medium remained acidic, 2) growth was not 
severely impaired, and 3) both independent mutants exhibited similar phenotypes.  
We identified mutations in six genes that conferred defects in pH neutralization 
during growth on α-ketoglutarate that fit these critera: ALI1, SIN3, COX4, PEP8, KIS1, 
and CPH1 (Figure 3-1). Notably, all of these mutants confer partial growth defects on 
medium containing α-ketoglutarate. The linkage of growth and pH changes probably reflects 
a requirement for metabolism of these acids to effect neutralization. Genetic mutants strains 
that entirely failed to grow were excluded from further analysis; several of these genes code 
for proteins with functions in carbon metabolism. Examples include the 
cytochrome c oxidase Cox4 and the Snf1-associated protein Kis1. However, there are genetic 
mutant strains that fail to grow and have a less obvious connection, such as Sin3, a 
transcriptional repressor that promotes histone deacetylase recruitment (Tebarth et al. 2003), 
and Pep8, whose yeast homolog mediates retrograde endosome-to-Golgi vesicle transport 
(Seaman, McCaffery, and Emr 1998). Cph1 is a well-studied transcriptional regulator of 
morphogenesis that is activated by the pheromone-responsive mitogen-activated protein 
(MAP) kinase pathway (Csank et al. 1998; Liu, Köhler, and Fink 1994). Cph1 was 
previously shown to regulate galactose utilization genes but had not otherwise been 
associated with metabolic functions (Martchenko et al. 2007). Ali1 is a recently described 
plasma membrane protein with roles in cell wall structure and oxidative stress responses 
(Gil-Bona et al. 2015). 
Furthermore, all have been reported to confer aberrant filamentation profiles, while 
several of them have altered sensitivities to agents like Calcofluor white, caspofungin, Congo 
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Figure 3-1: Mutants with pH defects in medium containing α-ketoglutarate. A) The 
Noble library was screened in 96-well format in YNB + 10 mM αKG, 40 µM arginine + 0.01 
bromocresol purple. Genetic deletion mutants of the listed genes were defective in pH 
neutralization by bromocresol purple pH indicator were further tested. B) Hits from initial 
genetic screen were confirmed for growth and pH defect in YNB + 10 mM αKG, 40 µM 
arginine after 24 hours of growth. Growth is plotted on the left axis (black bars), and culture 
pH on the right axis (grey bars). The changes in pH are significant (P < 0.05) for each of the 
mutants relative to the result for the control strain (SC5314).  
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red, or SDS that suggest perturbations in cell wall structure and function (Noble et al. 2010; 
Csank et al. 1998; Liu, Köhler, and Fink 1994; Gil-Bona et al. 2015; Eisman et al. 2006; Uhl 
et al. 2003). Several of these mutants (ali1Δ and cph1Δ) are also known to be impaired in cell 
culture or whole-animal models of virulence (Lo et al. 1997; Gil-Bona et al. 2015). 
Only ALI1 was among the genes induced during growth on α-ketoglutarate relative to its 
expression on glucose (4.1-fold) (Danhof et al. 2016). These mutants are being followed up 
on by a graduate student in the lab, Robert Williams, who has uncovered defects in survival 
after incubation with murine macrophages suggesting roles for these genes in host pathogen 
interactions (unpublished results).  
 
Growth in carboxylic acids does not induce hyphal morphogenesis 
 As growth on amino acids induces hyphal morphogenesis as pH is neutralized, we 
sought to determine if this is the case when carboxylic acids are the sole carbon source. 
Hyphal morphogenesis with amino acids as the carbon source was compared to growth in a-
ketoglutarate, pyruvate, acetate, and lactate at three time points during growth (4 hours, 8 
hours, and 24 hours). Carboxylic acid growth and subsequent pH neutralization did not 
induce hyphal morphogenesis. (Figure 3-2). This is in contrast to growth and pH 
neutralization as a result of N-acetylglucosamine utilization (Figure 4-2). As the pH at 24 
hours is relatively neutral in all conditions tested, a  neutral pH is not a sufficient signal for 
hyphal germination to occur. In follow up experiments, it was shown that supplementation 
with various amino acids allows hyphal morphogenesis to occur, indicating that cells are still 
able to respond to other hyphal inducers (Heather Danhof, unpublished observations).  
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Figure 3-2: Extracellular neutralization on carboxylic acids does not induce hyphal 
germination. Cells of the wild type SC5314 strain were grown overnight in YPD and then 
washed, diluted into YNB with the indicated compound present as the sole carbon source 
(2% wt/vol), and grown at 37°C for the indicated times before being fixed and imaged. The 
number in white in each image is the pH of that culture at that time point. CAA, Casamino 
Acids; αKG, α-ketoglutarate; Pyr, pyruvate; Ace; acetate; Lac, lactate. The scale bar in the 
lowest image on the right is 10 µm. 
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Genetic screen for new contributors to amino acid-induced pH neutralization 
Previous work has shown that the SPS amino acid sensing system, the transcription 
factor Stp2, and the Ato family of proteins are critical for pH neutralization when amino 
acids are the sole carbon source (Miramón and Lorenz 2016; Danhof and Lorenz 2015). We 
originally identified Stp2 as a key mediator of this phenomenon by screening libraries of 
mutants using Media 199, a tissue culture medium rich in amino acids and containing 0.2% 
glucose. To further understand genetic requirements for this process, we performed a genetic 
screen for strains with defects in growth or pH neutralization using two deletion libraries 
(Homann et al. 2009; Noble et al. 2010) in a minimal medium with amino acids alone as the 
carbon source. We hypothesized that this change in medium may allow us to identify 
additional factors mediating extracellular neutralization given the lack of available glucose 
and, indeed, identified a number of strains unable to neutralize acidic media containing 
amino acids. 
Many of the strains that neutralized the media either weakly or not at all were 
associated with significant growth defects in these conditions (Table 3-1). This was not 
surprising, as our model suggests that ammonia generation results from catabolism of the 
amino acids to use as a source of energy and biomass, and so is intimately connected to 
growth (Vylkova et al. 2011). To understand the functions associated with poor growth in the 
presence of amino acids, we analyzed the list of hits for over-represented Gene Ontology 
terms (Figure 3-3-A). Statistically significant GO terms highlight mitochondrial electron 
transport chain function, cellular division, and responses to starvation. These data fit with 
current models of amino acid growth and pH neutralization, as amino acid catabolism 
requires respiration and cells unable to divide do not reach cellular densities required for 
adequate ammonia accumulation.  
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Figure 3-3: Genetic screening reveals new genetic contributors to pH neutralization. A) 
Strains with growth defects (listed in Supp. Table 1) were analyzed for enriched GO Terms 
using the Candida Genome Database and expressed by –log10 P-value. B) Fold upregulation 
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of STP2 and ATO1 as compared to three target genes upon growth in YNBA-CAA versus 
YNBA-Glucose in WT and stp2∆ strains. C) Growth kinetics of rhb1∆, pex13∆, and 
orf19.783∆ strains as compared to the parental strain, SN250, in YNBA-CAA. ”_1” and “_2” 
indicate library replicates. D-F) pH kinetics of rhb1∆, pex13∆, and orf19.783∆ strains as 
compared to the parental strain, SN250, in YNBA-CAA. * P <0.05, ** P <0.01, *** P 
<0.001, **** P <0.0001. Data are expressed as mean values ± SEM from triplicate 
experiments.  
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Table 3-1: Genetic deletion strains with growth defects 
M199 YNB+ 1% CAA Conflicts Systematic Name  
Documented 
Growth 
Defect  
ALI1 ALI1   C3_01410C Y 
  ARG83 Y C4_02530W N 
CLB4 CLB4 N C7_03940C Y 
COX4 COX4 N C2_01620W Y 
  EFG1  N CR_07890W N 
GIN4 GIN4 N C1_11400C Y 
GRR1 GRR1 N C5_04600C Y 
HIT1 HIT1 N C4_02750W N 
KAR3 KAR3 Y C2_09370C Y 
KIC1 KIC1 N C2_04760W Y 
  KRE5 N C3_02960C Y 
MCI4 MCI4 N CR_01740W Y 
NUO1 NUO1 N CR_09550C Y 
NUO2 NUO2 N C3_02940C Y 
NUP60  NUP60 Y C4_06350C N 
Orf19.1625 Orf19.1625 Y C3_02190C Y 
Orf19.2500 Orf19.2500 N C3_00960W Y 
Orf19.2821 Orf19.2821 N CR_02620C Y 
Orf19.3611 Orf19.3611 Y C2_08650W Y 
  Orf19.4312 N C5_02900W Y 
  Orf19.4409 Y C4_05980C N 
Orf19.4758 Orf19.4758 N C1_09020W Y 
Orf19.5547 Orf19.5547 N C6_02740W N 
Orf19.6035 Orf19.6035 Y C1_00700W N 
Orf19.7590 Orf19.7590 N CR_10140W Y 
  PEX8 N C3_04030C Y 
  PTR3 N C1_01880C N 
  RCY1 N C5_01720C Y 
  SIN3 N C1_00930C Y 
SIP5 SIP5 N C1_05910W N 
STP2 STP2 N C1_13350W N 
SWI4 SWI4 N C1_01790W Y 
TAF14 TAF14 N C2_04220C N 
  TRP2 N CR_01590C N 
TSC11 TSC11 Y CR_07580C Y 
 
Table 3-1: Genetic deletion strains with growth defects. Strains were grown for 8 hours in 
either M199 or YNB + 1% Casamino Acids and measured for growth by OD600. Deletion 
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strains showing a growth defect, classified as less than 70% growth when compared to a wild 
type control, are indicated. In some instances, independent deletion strains do not match as 
indicated in the third column. Annotated growth defects (www.candidagenome.org) are 
indicated. 
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We sought to further study the mutants that did not result in drastic growth defects, 
hypothesizing that pH neutralization defects or delays would be indicative of the activity of 
complex signaling pathways that govern host-induced metabolic changes. Mutations in three 
genes fit these criteria (Figure 3-3-C): PEX13, encoding a component of the peroxisomal 
protein import machinery; RHB1, encoding a small GTPase that regulates TOR signaling; 
and ORF19.783, an uncharacterized gene. All three of these genetic deletion strains are 
attenuated for pH neutralization, as shown in Figure 3-3-D through -F. The extent of pH 
neutralization defects observed for these three genetic mutants are not as extreme as some 
previously published genetic contributors (Miramón and Lorenz 2016; Vylkova and Lorenz 
2014), but closely resemble the phenotypes observed with other pH neutralization deficient 
strains, ato5∆ and ATO1* (Danhof and Lorenz 2015). The Ato proteins are putative ammonia 
transporters that facilitate the excretion of ammonia after pH neutralization and are necessary 
for pH neutralization in the phagosome (Danhof and Lorenz 2015). PEX13, like STP2 and 
ATO1, is significantly induced during growth on amino acids (Figure 3-3-B), while the other 
two genes are not (Danhof et al. 2016). These targets also represent Stp2-independent 
contributions to pH neutralization as indicated by transcriptional profiling of stp2∆ cells 
grown in amino acids as the sole carbon source where all three genes are expressed.  
 
Peroxisomes are implicated in pH neutralization and proliferate in host-relevant 
conditions  
PEX13 was of interest because of the contribution of peroxisomes to the glyoxylate 
cycle, a metabolic process necessary for the full virulence of C. albicans (Lorenz, Bender, 
and Fink 2004; Piekarska et al. 2008). While peroxisomes are required for b-oxidation of 
fatty acids and some aspects of acetate homeostasis (the end product of many catabolic 
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pathways), they have not been previously implicated in amino acid degradation in C. 
albicans. Pex13 is a key component of the “importomer” complex on the peroxisomal 
membrane, allowing for the import of proteins containing a Peroxisome Targeting Sequence 
1 (PTS1) after recognition by the carrier protein Pex5 (Strijbis et al. 2012). Therefore, PEX13 
is required for both peroxisomal import and ultimately peroxisomal function. 
Analysis of published RNA sequencing experiments (Danhof et al. 2016) provides 
further evidence that peroxisomes play a key role in amino acid utilization: peroxisomal 
protein import and biogenesis are both highly upregulated when comparing growth in amino 
acids to glucose. Specifically, when a GO term enrichment analysis is performed on the most 
differentially upregulated genes in cells grown on amino acids as compared to glucose, the 
peroxisome is the most enriched cellular component (Figure 3-4). Additionally, many of the 
biological process terms are associated with peroxisomal function (i.e., fatty acid or 
carboxylic acid catabolism). When delving further into this dataset, we find that many other 
genes required for peroxisomal import or biogenesis, or peroxisomal functions, are induced 
in these conditions (Table 3-2). Thus, transcriptional evidence corroborates the potential role 
of peroxisomes in amino acid catabolism. To this end, we also tested other peroxisome-
associated genes, PEX5, the PTS1 receptor, and ICL1, a key enzyme of the glyoxylate cycle. 
Both showed significant pH neutralization defects (Figure 3-4-C), indicating that 
peroxisome function is required for robust amino acid utilization.  
These data led us to ask whether peroxisomal biogenesis was induced in host-relevant 
carbon sources as well as in a macrophage co-culture model. We visualized peroxisomes by 
utilizing a strain of C. albicans that expresses GFP modified with a canonical C-terminal 
PTS1 signal (GFP-SKL). Cells were incubated in minimal media containing either glucose,  
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Figure 3-4: Peroxisome functions are induced by amino acids and are critical for 
growth and pH neutralization. A) GO term analysis of transcriptional profiling of cells 
grown in YNBA-CAA as compared to YNBA-Glucose demonstrates enrichment of 
peroxisome and peroxisome-associated genes. B) Solid medium pH assay on YNBA-CAA 
with 0.01% phenol red pH indicator. Images were taken 3 days after inoculation. C) pH 
kinetics of peroxisome-associated gene deletion strains, pex5∆ and icl1∆, as compared to 
isogenic control, SC5314, in YNBA-CAA. * P <0.05, *** P <0.001, **** P <0.0001. Data 
are expressed as mean values ± SEM from triplicate experiments.  
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oleate, or amino acids, or in RPMI supplemented with FBS. After one hour of incubation, 
cells were fixed and peroxisome foci were enumerated by fluorescence microscopy. Cells 
incubated in glucose show low numbers of peroxisomes, whereas peroxisomal foci increase 
in all other conditions (Figure 3-5-A). Cells that were incubated in the presence of oleate or 
amino acids show a dramatic increase in peroxisomal foci. Peroxisome proliferation was 
further induced when cells were incubated in RPMI + FBS, which shows the highest 
numbers of foci per cell in vitro. This was unexpected, as RPMI contains 0.2% glucose, 
which should not be exhausted in this short duration, suggesting some component of this 
media is stimulating peroxisomal proliferation. We next investigated peroxisomal biogenesis 
after phagocytosis by murine macrophages. C. albicans + GFP-SKL cells were incubated 
with RAW264.7 murine macrophages for 1 hour, counterstained with the membrane-
impermeant dye calcofluor white to distinguish phagocytosed cells, and then fixed with 
paraformaldehyde. The number of peroxisomal GFP foci after phagocytosis most closely 
matched the in vitro RPMI condition, indicating that peroxisome biogenesis is most highly 
upregulated in host-relevant conditions.  
 We next determined if pex13∆ strains had a survival defect upon macrophage 
phagocytosis by performing a modified colony forming unit assay, as described elsewhere 
(Miramón and Lorenz 2016). C. albicans strains lacking PEX13 have a significant survival 
defect when compared to the parental strain, and this mirrors the survival defect of an stp2∆ 
strain when compared to its isogenic control (Figure 3-5-B). It has been previously reported 
that an icl1∆ strain is attenuated for survival after macrophage phagocytosis (Childers et al. 
2016). These data support our observations that icl1∆ cells exhibit a pH neutralization delay 
and peroxisome-associated genes are important for C. albicans virulence. 
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Table 3-2: Gene regulation of peroxisomal components 
Assembly 
21 ID  
Assembly 22 
ID  
Gene 
Name  
Log(2) 
CAA/Glu  
Fold 
Change 
CAA/Glu  
orf19.6814 C3_06870W_A TDH3 11.06 122.32 
orf19.1655 C3_01930W_A   6.63 43.99 
orf19.2809 C3_04000C_A CTN3 6.17 38.12 
orf19.5000 C1_13630W_A CYB2 5.56 30.92 
orf19.6229  C1_06810W_A CAT2 5.39 29.03 
orf19.4833 C1_09690W_A MLS1 4.49 20.19 
orf19.4833 C1_09690W_A   4.49 20.19 
orf19.6385 CR_08210C_A   4.27 18.23 
orf19.4393 CR_03500W_A   4.24 17.94 
orf19.7481 CR_00540C_A MDH1 4.19 17.60 
orf19.6844 C1_04500W_A ICL1 4.18 17.51 
orf19.1288  C3_00810C_A   4.05 16.40 
orf19.7500 CR_00330C_A PXA1 3.73 13.91 
orf19.6443 CR_08670C_A   3.42 11.73 
orf19.7288 CR_08920W_A   3.37 11.39 
orf19.1089 C6_04310W_A PEX11 3.31 10.97 
orf19.4591  C4_02020W_A CAT1  3.23 10.42 
orf19.1652 C3_01960C_A POX1-3 3.09 9.54 
orf19.4114 C2_06070W_A   3.00 8.99 
orf19.4041 C5_05430W_A PEX4 3.00 8.98 
orf19.1704 C3_01460C_A   2.91 8.49 
orf19.5255 C1_12100C_A PXA1 2.80 7.86 
orf19.7520 CR_00150C_A   2.76 7.59 
orf19.7379 C3_05980C_A   2.64 6.98 
orf19.6838 C1_04460C_A   2.59 6.73 
orf19.1225 C2_06690C_A PEX22 2.56 6.54 
orf19.272 C3_02810C_A FAA21 2.52 6.34 
orf19.5278 C1_11890W_A   2.48 6.13 
orf19.6445 CR_08690C_A ECI1 2.42 5.86 
orf19.7156 C7_04180W_A   2.30 5.27 
orf19.5843 CR_05610C_A SRR1 2.29 5.24 
orf19.2009 C2_01150W_A PEX12 2.24 5.02 
orf19.3749  CR_02220C_A OPT3  2.23 4.98 
orf19.7282 CR_08870W_A PEX13 2.07 4.30 
orf19.5921 C3_04630W_A   2.01 4.05 
orf19.1805  CR_04930W_A PEX14 1.9 3.61 
orf19.5449 C3_00210C_A   1.68 2.82 
orf19.7204 C7_03780C_A   1.63 2.66 
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orf19.4426  C1_07420C_A PEX3  1.63 2.66 
orf19.7592 CR_10160W_A   1.61 2.58 
orf19.86 C6_00850W_A   1.6 2.56 
orf19.3171 C5_02000C_A ACH1 1.58 2.50 
orf19.5640  C4_00150C_A PEX5 1.57 2.46 
orf19.6830 C3_06730W_A   1.53 2.34 
orf19.3573 C2_05440W_A PEX6 1.33 1.77 
orf19.1777 C2_10050W_A   1.23 1.51 
orf19.5323 C2_10480W_A   1.22 1.49 
orf19.6460 C7_02490W_A PEX1 1.2 1.44 
orf19.2370 CR_06940W_A DSL1 1.12 1.25 
orf19.6591 CR_09710W_A PCD1 1.1 1.21 
orf19.5575 C6_02970C_A PEX25 1.1 1.21 
orf19.6434 CR_08600C_A PEX19  1.08 1.17 
orf19.6525 C7_01960W_A   1.05 1.10 
orf19.5031 C1_13930W_A SSK1 1.04 1.08 
orf19.3605  C2_08710W_A pex17 1.02 1.04 
orf19.2805  C3_04030C_A PEX8 1.01 1.02 
orf19.5660 C4_00320C_A PEX10  0.96 0.92 
orf19.6062.3 C1_00450C_A   0.95 0.90 
orf19.3546  C2_05150W_A PEX2 0.93 0.86 
orf19.4362 CR_03640C_A   0.9 0.81 
orf19.6850 C1_04560W_A   0.88 0.77 
orf19.6254 C1_06570W_A ANT1 0.87 0.76 
orf19.1039 CR_06360C_A BET4 0.7 0.49 
orf19.5723  C6_03560W_A   0.63 0.40 
orf19.2113 C2_00190C_A   0.63 0.40 
orf19.2046 C2_00780W_A   0.57 0.33 
orf19.1949 C5_01210W_A VPS1 0.4 0.16 
orf19.2313 C1_11010C_A   0.35 0.12 
orf19.991 C1_10480W_A DJP1 0.35 0.12 
orf19.1933 C5_01350W_A   0.28 0.08 
orf19.6134 CR_07350W_A   0.24 0.06 
orf19.3482 C6_02410W_A   0.22 0.05 
orf19.5197 C1_04400C_A APE2 0.21 0.04 
orf19.6684 C7_03520W_A PNC1 0.14 0.02 
orf19.3746 CR_02240C_A OPT2 0.12 0.01 
orf19.89 C6_00880W_A PEX7  0.02 0.00 
orf19.3318 C1_01290C_A   -0.06 0.00 
orf19.2843 CR_02860W_A RHO1 -0.09 0.01 
orf19.1448.1 C2_01440C_A   -0.18 0.03 
orf19.6243 C1_06680W_A VPS34 -0.2 0.04 
orf19.3653 C6_00740W_A FAT1 -0.31 0.09 
orf19.4754 C1_08980C_A ZWF1 -0.32 0.10 
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orf19.7111 C7_00120W_A   -0.34 0.12 
orf19.5964 C3_04950W_A ARF2 -0.39 0.15 
orf19.5949 C3_04830C_A FAS2 -0.47 0.22 
orf19.7421 C3_06360C_A CYP5 -0.51 0.26 
orf19.4122 C2_05980C_A   -0.57 0.32 
orf19.6632 CR_05790C_A   -0.58 0.33 
orf19.6472 C7_02380C_A CYP1 -0.6 0.36 
orf19.5024 C1_13860C_A GND1 -1.01 1.02 
orf19.2092 C2_00390C_A   -1.07 1.14 
orf19.5211 C2_05890C_A IDP1 -1.52 2.31 
orf19.164 CR_02570C_A   -2.54 6.45 
orf19.5180 C7_02810W_A PRX1 -2.75 7.56 
 
Table 3-2: Gene regulation of peroxisomal components. The Candida Genome Database 
was mined for genes whose corresponding proteins are localized to the peroxisome, 
peroxisomal matrix, or peroxisomal lumen. Data from previous transcriptional profiling 
(Danhof, mBio 2016) performed when C. albicans is grown in YNBA-CAA vs. YNBA-
Glucose was analyzed for genetic regulation differences, as shown by Log(2) and Fold 
Change values. Upregulation is denoted as red shaded and positive values whereas 
downregulation upon growth in YNBA-CAA is indicated by green shading and negative 
values. 
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Figure 3-5: Peroxisome biogenesis and protein import impact host interactions. (A) 
Utilizing C. albicans + GFP:SKL, peroxisome number was elucidated using fluorescence 
microscopy after incubation in the indicated conditions, including after co-incubation with 
RAW264.7 macrophages, differentiating between extracellular and phagocytosed cells by 
staining with calcofluor white. Graph represents minimum to maximum foci per cell with the 
mid-line indicative of the mean number of foci per cell. (B) Survival of C. albicans was 
assessed using a modified colony forming unit assay after 16 hour co-incubation with 
RAW264.7 macrophages. Percentage survival is relative to the number of colonies formed 
for each strain in tissue culture media alone. Data are expressed as mean values ± SD from 
triplicate experiments. * P <0.05, ** P <0.01, **** P <0.0001.  
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Rhb1, a GTPase upstream of the TOR signaling pathway, contributes to pH 
neutralization  
We next chose to investigate the contribution of the TOR signaling pathway to pH 
neutralization given the significant delay in pH neutralization of a rhb1∆ strain (Figure 3-3- 
E). RHB1 encodes one of three small GTPases that function upstream of the Target of 
Rapamycin (Tor), along with GTR1 and GTR2, which act as a complex. Of these three small 
GTPases, only rhb1∆ is present in the genetic deletion libraries we investigated. The TORC1 
pathway functions as a sensor of carbon and nitrogen starvation and is conserved throughout 
eukaryotic organisms. In C. albicans, which does not appear to have a TORC2 equivalent 
(Loewith and Hall 2011), the Tor pathway signals nutrient availability, has roles in regulation 
of secreted aspartyl proteases, and mediates adhesion (Tsao, Chen, and Lan 2009; Bastidas, 
Heitman, and Cardenas 2009; Chen et al. 2012). Recently, additional roles in C. albicans 
have been described in phosphate signaling and sensing as well as hyphal morphogenesis 
(Flanagan et al. 2017; Liu et al. 2017). To further address the involvement of the Tor 
pathway in pH neutralization, we chose to study rhb1∆ and gtr1∆ genetic deletion strains and 
compare each strains ability to raise the environmental pH.  
Though the signaling pathway upstream of TOR is not yet fully defined in C. 
albicans, it is a key mediator of amino acid availability in many species via the TORC1 
complex ( Kim, Buel, and Blenis 2013; Jewell, Russell, and Guan 2013; Hundal and Taylor 
2009). We reasoned that gtr1∆ may phenocopy the rhb1∆ phenotype by being equally unable 
to activate Tor for further downstream effectors, as has been observed for other TORC1-
dependent phenotypes (Flanagan et al. 2017). To answer this question, we tested independent 
genetic deletions strains of both of these GTPases (Chen et al. 2012; Flanagan et al. 2017). 
Surprisingly, only the rhb1∆ strain features a pH neutralization delay, while the gtr1∆ mutant 
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shows no appreciable growth or pH neutralization defect (Figure 3-6-A). pH neutralization is 
not altered in strains overexpressing RHB1, GTR1, or TOR1. We also tested a strain that 
features a constitutively activated GTP-bound Gtr1 (Liu et al. 2017), but this modification 
also had no appreciable effect of pH neutralization (data not shown). We next sought to 
understand if these genetic requirements would be mirrored in the ability to survive 
macrophages after phagocytosis. Consistent with in vitro data, the rhb1∆ mutant is impaired 
in surviving macrophage phagocytosis. A gtr1∆ strain has no survival phenotypes, nor do 
strains overexpressing GTR1, RHB1, or TOR1 (Figure 3-6-B). From this data, we can 
determine that Rhb1 seems to be the main GTPase responsible for Tor activation both in 
vitro and ex vivo in macrophage co-culture and that Gtr1 activity is dispensable in the 
conditions tested.  
To further show that Tor signaling contributes to robust pH neutralization when C. 
albicans is utilizing amino acids as a carbon source, we exposed cells to rapamycin and 
assessed their ability to neutralize the media. Rapamycin inhibits the Tor pathway by binding 
to the FK506-binding protein 12 (FKBP12), forming a complex that consequently binds to 
and inactivates Tor (Koltin et al. 1991). At a sub-lethal concentration, 4ng/mL, cells are 
inhibited for pH neutralization at early timepoints but do not exhibit growth defects (Figure 
3-6-C and -D). These data correlate with the pH neutralization defect seen in the rhb1∆ 
mutant and underscores the importance of Rhb1 in activating the Tor complex during these 
growth conditions. At higher concentrations, however, rapamycin significantly affects the 
growth rate leading to a complete inability to neutralize the pH, likely due to cell death.  
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Figure 3-6: Tor activation via Rhb1, is critical for robust pH neutralization and survival 
upon phagocytosis. A) pH kinetics of RHB1 and GTR1 deletion and complement strains in 
YNBA-CAA. B) Survival of C. albicans was assessed using a modified colony forming unit 
assay after 16 hour co-incubation with RAW264.7 macrophages. Percentage survival is 
relative to the number of colonies formed for each strain in tissue culture media alone. C-D) 
pH and growth kinetics of wild type SC5314 C. albicans cells exposed to varying 
concentrations of rapamycin in YNBA-CAA. Data are expressed as mean values ± SD from 
triplicate experiments. * P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001.  
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Discussion  
Data presented in this chapter describe the results of two genetic screens of several C. 
albicans deletion mutant libraries for defects in pH neutralization when carboxylic acids and 
amino acids are the primary carbon sources. The capacity of C. albicans to alkalinize the 
extracellular pH of its surroundings in vitro has been correlated with decreased ability to do 
so within the mammalian macrophage phagosome and, consequently, decreased survival of 
the fungal cell (Danhof et al. 2016; Miramón and Lorenz 2016; Vesely et al. 2017). Several 
genes are implicated in utilization of carboxylic acids which are under current investigation. 
Also, we describe two new contributors of the genetic machinery needed for a robust pH 
neutralization – peroxisomal biogenesis via Pex13 and the TOR signaling pathway via the 
small GTPase Rhb1.  
 Additionally, we have identified genes that are essential for robust growth in M199 
and amino acids (Table 3-1). There are a greater number of mutant strains incapable of 
robust growth when utilizing amino acids as the sole carbon source (YNBA + 1% casamino 
acids) as compared to M199, likely due to the residual glucose levels in this tissue culture 
medium. GO term analysis of both datasets provides an insight into why these genes are 
critical, with mitochondrial respiratory chain complex I assembly and function as the most 
enriched term; mitochondrial respiration is critical for growth in the presence of non-
fermentable carbon sources (Turcotte et al. 2010). Three uncharacterized genes present in the 
Noble library do not show growth defects in the assays described in this work and are also 
described as being part of mitochondrial respiratory chain assembly: ORF19.4758, 
ORF19.5760, and ORF19.2821. These genes may be worth further study as the 
corresponding deletion strains grew and neutralized the pH as well as the parental strain in 
initial screens. The GO term “cell cycle phase transition” is also enriched and includes five 
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genes with amino acid growth defects. Four of these genes (CLB4, GIN4, GRR1, SWI4) have 
known vegetative growth defects that are likely exacerbated under these conditions; the fifth 
gene, SIN3, was identified as important during growth in the presence of carboxylic acids 
(Danhof et al. 2016).  
 The three identified mutants that grow to WT levels represent three separate 
biological processes. One of these three genes, ORF19.783, is thus far uncharacterized but 
bears significant homology (67% identical across the 1,024 C-terminal amino acids) to 
Saccharomyces cerevisiae Neo1, a phospholipid translocase/flippase involved in retrograde 
vesicle-mediated transport (Takar, Wu, and Graham 2016). NEO1 is an essential gene is S. 
cerevisiae whose encoded protein has been shown to interact with the guanine nucleotide 
exchange factor Ysl2p and the ADP-ribosylating enzyme Arl1 in various endomembrane 
compartments (Wicky, Schwarz, and Singer-Kruger 2004). Orf19.783 bears weaker, but still 
significant, homology to four additional S. cerevisiae proteins in the secretory pathway with 
characterized aminophospholipid flippase activity, Drs2, Dnf1, Snf2, and Dnf3, all of which, 
like Neo1, are Type 4 P-type ATPases (Hua, Fatheddin, and Graham 2002). We hypothesize 
that an aberrant phospholipid architecture or trafficking of cell surface or secreted effectors 
may be responsible for the pH neutralization phenotype seen in the orf19.783∆ strain in our 
tested conditions, but this requires further study.  
 Peroxisomes have been implicated in a wide range of cellular activities in fungal and 
parasitic pathogens. They are critical for combating oxidative stress due to the localization of 
catalase, are the major site of the glyoxylate shunt, and participate in metabolism of other 
nutrients, especially fatty acids. The key carbon intermediate acetyl-CoA is transported as 
acetate via carnitine acetyltransferase to the cytosol and onward to the mitochondria 
(Hansberg, Salas-Lizana, and Domínguez 2012; Piekarska et al. 2008; Strijbis et al. 2008). 
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The critical roles of peroxisomes have been heavily studied in phytopathogenic fungi (Kubo 
2013). Metabolic functions of the peroxisome have been described as necessary components 
of fungal pathogenesis – examples include the plant pathogens Colletotrichum lagenarium, 
Sclerotinia sclerotiorum, and Magnaporthe oryzae (Fujihara et al. 2010; Liberti, Rollins, and 
Dobinson 2013; Goh et al. 2011). In addition to phytopathogens, peroxisomes have also been 
implicated in the virulence of other fungal pathogens when in contact with mammalian innate 
immune cells (Sugui et al. 2008; Fan et al. 2005; Prigneau et al. 2003; Lorenz, Bender, and 
Fink 2004). 
 One of the main findings presented here is that peroxisomes play an important role in 
both pH neutralization and interactions with macrophages. Given the role of peroxisomes in 
acetate assimilation, this was perhaps to be expected. However, of the amino acids best 
utilized by C. albicans as a carbon source, only two (Ala, Ser) are degraded into acetyl-CoA, 
while the rest can be directly incorporated into the TCA cycle via a-ketoglutarate or 
oxaloacetate (Vylkova et al. 2011). We show here that two components of the peroxisomal 
protein importomer complex, Pex5 and Pex13, are necessary for full pH neutralization with 
amino acids as the sole carbon source, as is the important cargo protein Icl1. It is worth 
noting that there was a second member of the peroxisomal import machinery that was 
implicated in pH neutralization by our initial screens, PEX8. However, upon PCR 
verification, it was determined that at least one copy of the ORF was still present in this 
strain (data not shown), therefore it was excluded from further analysis. Most eukaryotic 
organisms have two distinct Peroxisomal Targeting Sequences, PTS1 or PTS2, that are either 
recognized by Pex5 or Pex7, respectively. C. albicans, however, only recognizes the PTS1 
signal, indicating that the bulk of protein import into the peroxisome is due to the activity of 
Pex5. Other fungal pathogens, such as Magnaporthe oryzae, require a PTS2-based import 
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system for pathogenesis (Goh et al. 2011). In Cryptococcus neoformans, PEX5 and PEX7 
have been identified as being upregulated upon phagocytosis as compared to controls (Fan et 
al. 2005). Recently published work studying another eukaryotic pathogen, Trypanosoma 
brucei, has shown that drugs that target peroxisomal protein import may be useful targets to 
study further (Dawidowski et al. 2017; Kalel et al. 2017).  
 The TOR signaling pathway has been studied for decades (Laplante and Sabatini 
2012; John et al. 2011; Loewith and Hall 2011). In a manner similar to peroxisomal protein 
import, C. albicans has lost some of the signaling flexibility present in many other species; 
there is not a TORC2 complex predicted, as there has been no annotation of the RICTOR 
(Rapamycin-insensitive companion of mTOR) protein. Therefore, signaling only results in 
activation of the TORC1 pathway, or Tor1. Our data suggest that the Tor pathways responds 
to amino acid availability in C. albicans, as it does in other eukaryotes (Kim and Guan 2011). 
However, our results indicate that there may be differing roles for the GTPases responsible 
for this downstream activation. Rhb1 and Gtr1/Gtr2 are the two major sets of GTPases that 
phosphorylate Tor to induce downstream activity. Neutralization of pH with amino acids as 
the carbon source and macrophage survival is only dependent on Rhb1; our study differs 
from previous investigations into these two GTPases, where deletion strains act redundantly 
in the majority of assays, with the important exception of phosphate signaling as recently 
reported ( Liu et al. 2017). We have also observed that treatment with sublethal levels of 
rapamycin phenocopies the observed pH neutralization phenotype, suggesting that the rhb1∆ 
phenotype is Tor1-dependent, though we cannot rule out the possibility of a Tor1-
independent target as well. We also provide further evidence that Rhb1 is the main GTPase 
responsible for Tor signaling during exposure to amino acids, further indicating potentially 
divergent roles for Rhb1 and Gtr1/Gtr2 in C. albicans as compared to other species.  
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 In conclusion, we report the contribution of two separate protein trafficking and 
signaling pathways to pH neutralization as a result of a forward genetic screen using several 
genetic deletion libraries of C. albicans. The data presented support C. albicans requiring a 
fully functional Tor signaling pathway for robust pH neutralization as well as a functional 
protein import complex into the peroxisome, likely due to downstream effects of both of 
these conserved pathways.  
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Introduction  
Our laboratory has shown that the catabolism of amino and carboxylic acids allows C. 
albicans to neutralize acidic environments, including the phagolysosome (Danhof and 
Lorenz 2015; Miramón and Lorenz 2016; Vylkova et al. 2011; Vylkova and Lorenz 2014). 
The ability to utilize amino acids as a carbon source is dependent on the transcription factor 
Stp2, which controls the expression of amino acid permeases, and members of the Ato 
family, which are implicated in ammonia release. Genetic mutants lacking either Stp2 or 
Ato5 exhibit defects in mammalian virulence, indicative of their importance in host-pathogen 
interactions. Strains lacking Stp2 have a defect in hyphal morphogenesis after phagocytosis 
by macrophages, illustrating an important link between nutrient availability and 
filamentation. Importantly, amino and carboxylic acid catabolism are two distinct 
mechanisms of pH neutralization, as Stp2 is not required for this rise in ambient pH when 
carboxylic acids are utilized. This further highlights the adaptive ability of C. albicans to 
tolerate acidic pH and carbon starvation, as illustrated by these two distinct mechanisms to 
combat stresses.  
Recently, it has been shown that C. albicans can raise the environmental pH when N-
acetylglucosamine is the main carbon source (Naseem and Konopka 2015). N-
acetylglucosamine (GlcNAc) is an amino sugar with roles in eukaryotic signaling in the 
mammalian host and cell wall remodeling in bacterial species, and also comprises the basis 
of chitin in fungal species (Doyle, Chaloupka, and Vinter 1988; Milewski, Gabriel, and 
Olchowy 2006; Moussian 2008; Slawson, Copeland, and Hart 2010). In C. albicans, GlcNAc 
potently stimulates hyphal morphogenesis and also contributes to the expression of important 
virulence factors, such as adhesins (Konopka 2012; Naseem and Konopka 2015; Simonetti, 
Strippoli, and Cassone 1974). In this study, we aimed to determine whether GlcNAc 
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metabolism played a role in the interactions of C. albicans with mammalian macrophages, 
and whether the effects were mediated by the same pathways that were identified for the 
effects of amino and carboxylic acid utilization in the phagosome.  The results indicate that 
GlcNAc utilization represents a third pathway for blocking acidification of the phagosome. 
 
Results  
Growth with N-acetylglucosamine induces rapid pH neutralization  
C. albicans can neutralize acidic environments in the presence of non-preferred 
carbon sources, including amino acids and carboxylic acids, and we have demonstrated that 
these two phenomena are genetically and physiologically distinct. Growth with N-
acetylglucosamine (GlcNAc) as the sole carbon source can also promote neutralization of the 
ambient pH in vitro. We sought to further understand the physiology of this process as well 
as the genetic requirements to determine if this represented a third independent mechanism 
by which C. albicans neutralizes its environment. To do so, we grew C. albicans in minimal 
media with either GlcNAc or casamino acids (CAA) as the carbon source. These media also 
contained 0.5% glycerol, a carbon source that neither promotes nor inhibits pH changes 
(Danhof et al. 2016), to minimize differences in growth rates when using mutant strains that 
cannot utilize GlcNAc (see below).  Wild type control cells neutralized the medium and also 
excreted ammonia, as expected (Figure 4-1).  Interestingly, cells grown in GlcNAc 
neutralized the acidic media faster than those grown on CAA for the first 6 h, although the 
end-point pH was roughly similar after 8-12 h (Figure 4-1-A). GlcNAc also more quickly 
induced large, flocculated, hyphal mats than did amino acids (not shown).  Significant levels 
of ammonia were produced and excreted by cells grown on both media, but a lesser amount 
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Figure 4-1: Growth with N-acetylglucosamine rapidly raises the environmental pH and 
releases detectable ammonia. (A) Wild-type C. albicans strain SC5314 was assessed for pH 
neutralization in YNBAG plus 20 mM N-acetylglucosamine or 1% Casamino Acids over 24 
h. pH was adjusted to 4 with HCl prior to inoculation. (B) Ammonia released by C. albicans 
cells during pH neutralization on solid medium containing YNBAG plus 20 mM N-
acetylglucosamine or 1% casamino Acids. Ammonia was detected after 24, 48, and 72 h by 
Nessler’s reagent. *, P < 0.05. Data are expressed as mean values ± standard deviation (SD) 
from triplicate experiments. YNBAG medium consists of minimal YNB supplemented with 
0.5% glycerol and 0.5% allantoin. 
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was observed in GlcNAc-grown cells, despite the more rapid rate of pH change (Figure 4-1-
B). The difference in ammonia release may be related to the differences in metabolism of 
GlcNAc versus amino acids or buffering capacity of the media (see Discussion). 
We also compared pH neutralization in GlcNAc to the phenomenon observed in the 
presence of carboxylic acids such as a-ketoglutarate (aKG).  While the magnitude and 
kinetics of media alkalinization were similar between the two conditions, we did not detect 
ammonia excretion from the aKG-grown cells, nor did these cells germinate, as previously 
reported. Thus, the physiology of carboxylic acid- and GlcNAc-induced pH changes are 
substantially different. 
Utilization of GlcNAc is a trait shared with other CUG clade species, each of which is 
capable of neutralizing acidic environments when grown on this carbon source (Figure 4-2).  
In contrast, GlcNAc induces filamentation only in C. albicans. The GlcNAc gene cluster of 
HXK1, NAG1, and DAC1 is syntenic in all CUG clade species, with the direction of 
transcription of each gene conserved (Maguire et al. 2013), indicating that the acquisition of 
these genes, while predating the divergence of this clade, is a relatively recent event.  The 
more distantly related C. glabrata, a non-CUG species, cannot utilize GlcNAc and does not 
alter pH when grown on this media. Not surprisingly, the C. glabrata genome does not 
encode homologs of the GlcNAc transporter or catabolic enzymes. 
 
pH neutralization with GlcNAc is genetically distinct from pH neutralization with 
amino acids  
We next sought to compare the two mechanisms of pH neutralization using a genetic 
approach. First, we examined a mutant strain (hxk1∆ nag1∆ dac1∆) that lacks the three 
enzymes responsible for the conversion of GlcNAc to fructose-6-phosphate, an intermediate 
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Figure 4-2: N-Acetylglucosamine-induced pH neutralization is dependent on its 
transport and catabolism but is independent of the amino-acid-based mechanism. A and 
B) Wild-type and mutant strains of C. albicans were assessed for pH neutralization in 
YNBAG plus 20 mM N-acetylglucosamine or 1% Casamino Acids over 24 hours. C and D) 
Ammonia released by C. albicans cells during pH neutralization on solid YNBAG plus 20 
mM N-acetylglucosamine or 1% Casamino Acids. Ammonia was detected after 24, 48, and 
72 h by Nessler’s reagent. **, P< 0.05. Data are expressed as mean values ± SD from 
triplicate experiments. YNBG medium consists of minimal YNB supplemented with 0.5% 
glycerol. 
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of glycolysis, referred to as the ‘h-d mutant’(Naseem and Konopka 2015). When the h-d 
mutant was grown with GlcNAc as the main carbon source, there were no appreciable 
changes in pH (Figure 4-3-A).  A second mutant, lacking the GlcNAc-specific transporter 
Ngt1, also failed to neutralize the media, though there was a slight increase in pH (Figure 4-
3-A), perhaps resulting from low affinity transport through another membrane permease. 
Both strains exhibited robust extracellular pH neutralization when CAA was present as the 
carbon source, indicating that the genes responsible for transport and catabolism of GlcNAc 
do not affect growth or neutralization with amino acids.  
To determine whether the genes required for amino acid-driven pH neutralization 
affected GlcNAc-induced pH changes, we used a deletion of STP2, which encodes a 
transcription factor that regulates many genes necessary for amino acid catabolism and pH 
neutralization (Vylkova et al. 2011; Vylkova and Lorenz 2014; Martínez and Ljungdahl 
2005). This strain was unaltered in its ability to change the pH with GlcNAc as the carbon 
source, indicating that Stp2 is not required for this process (Figure 4-3-B).  When assessed 
for ammonia release, the ngt1∆ and the h-d mutants were impaired when grown on GlcNAc, 
but not amino acids, as the carbon source (Figure 4-3-C and -D). The stp2∆ mutant, in 
contrast, showed the opposite pattern.  Both results were consistent with the effects on the 
ambient pH of the media, though it was somewhat unexpected that GlcNAc elicited about 
half the concentration of ammonia relative to CAA given the comparable change in pH 
(Figure 4-3-C and -D). 
We have previously implicated several members of a multi-gene family termed ATO 
(for Ammonia Transport Outward) in ammonia release during pH neutralization, in particular 
ATO1 and ATO5 (Danhof and Lorenz 2015). To ask whether these facilitated pH 
neutralization in the presence of GlcNAc, we assayed ammonia release with both amino 
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Figure 4-3: N-Acetylglucosamine-induced pH neutralization is dependent on its 
transport and catabolism but is independent of the amino-acid-based mechanism. A and 
B) Wild-type and mutant strains of C. albicans were assessed for pH neutralization in 
YNBAG plus 20 mM N-acetylglucosamine or 1% casamino Acids over 24 hours. C and D) 
Ammonia released by C. albicans cells during pH neutralization on solid YNBAG plus 20 
mM N-acetylglucosamine or 1% casamino acids. Ammonia was detected after 24, 48, and 72 
h by Nessler’s reagent. **, P< 0.05. Data are expressed as mean values ± SD from triplicate 
experiments. YNBG medium consists of minimal YNB supplemented with 0.5% glycerol. 
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acids and GlcNAc as the carbon source in both ato5∆ and ATO1*, a dominant negative 
mutation in Ato1. We confirmed our earlier observations in the presence of CAA (Figure 4-
4-A); in contrast, these strains phenocopied the parental strain when GlcNAc was used as the 
carbon source, indicating that the ATO genes are not required for this process (Figure 4-4-B). 
 
Both transport and catabolism of GlcNAc is necessary for robust virulence during 
interactions with murine macrophages 
The h-d mutant has a reduced virulence phenotype in the murine model of 
disseminated candidiasis (Naseem and Konopka 2015; Singh, Ghosh, and Datta 2001).  We 
sought to investigate if this may be due to defects in interactions with murine innate immune 
cells. For this reason, we examined C. albicans survival upon phagocytosis by RAW264.7 
cells as well as the ability of C. albicans to elicit cell damage. When assessed for survival 
after phagocytosis, it was clear that the ngt1∆ and h-d mutant had diminished survival 
compared to the parental strain (Figure 4-5-A). When the supernatant was examined for 
levels of lactate dehydrogenase (LDH), a proxy for macrophage membrane damage, it was 
also clear that the ngt1∆ and h-d mutant induced less cytotoxicity than the parent strain 
(Figure 4-5-B). The magnitude of the defects in survival and macrophage damage were 
similar to that observed in the stp2∆ strain, suggesting that both GlcNAc and amino acids are 
relevant nutrients in the macrophage phagosome. This is consistent with the modest 
impairment of virulence observed with both the stp2∆ and h-d mutants in the mouse 
disseminated candidiasis model (Vylkova and Lorenz 2014; Naseem and Konopka 2015).  
The reduced fitness of the stp2∆ mutant strain during interactions with macrophages 
is associated with impaired germination of phagocytosed cells (Vylkova and Lorenz 2014).   
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Figure 4-4: Putative ammonia transporters are not required for ammonia release 
during N-acetylglucosamine pH neutralization. Panels A and B show ammonia released 
by C. albicans cells during pH neutralization on solid YNBAG plus 20 mM N-
acetylglucosamine A) or 1% casamino acids B). Ammonia was detected after 24, 48, and 72 
h by Nessler’s reagent. **, P< 0.05. Data are expressed as mean values ± SD from triplicate 
experiments. 
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Figure 4-5: Transport and catabolism of N-acetylglucosamine is necessary for robust 
virulence during interactions with murine macrophages. A) The survival of stp2Δ/Δ, h-d, 
and ngt1Δ/Δ strains was assessed using a modified CFU assay after incubation with 
RAW264.7 macrophages for 16 h. Percentage of survival is relative to the number of 
colonies formed for each strain in RPMI alone. B) Macrophage cytotoxicity was measured by 
the detection of released lactate dehydrogenase (LDH) from RAW264.7 murine macrophages 
after 16 h of coincubation with each indicated strain. Percentage of release is relative to 
chemically lysed macrophage controls. *, P < 0.05; **, P < 0.01. Data are expressed as mean 
values ± SD from triplicate experiments. 
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To ask whether this was also the case for the GlcNAc catabolic machinery, we assayed the 
morphology of ngt1∆ and h-d mutant cells upon phagocytosis by murine macrophages. The 
length of the germ tube (if any) from the body of the mother yeast cell to the tip of the 
projection was measured. This was performed by a fellow graduate student in the lab, Robert 
Williams.  The ngt1∆ and h-d mutant strains had a higher proportion of cells with either 
shorter hyphal projections or that had not germinated relative to the wild-type control 
(Figure 4-6-A).  These results indicate that utilization of GlcNAc contributes to hyphal 
growth of phagocytosed cells, though the effects on morphology are less pronounced than 
when amino acid catabolism is impaired via mutation of STP2.   
 
ngt1∆ and h-d strains occupy an acidic phagolysosome 
We previously demonstrated that phagocytosed C. albicans cells inhabit a 
compartment (phagosome or phagolysosome) of neutral, rather than the expected acidic pH, 
and that the SPS amino acid sensor Stp2, Ato1, and Ato5 are required to maintain neutrality 
(Vylkova and Lorenz 2014; Danhof and Lorenz 2015).  Further, the neutral pH induces 
hyphal germination. The macrophage-associated phenotypes observed with the GlcNAc 
mutants are consistent with occupancy in an acidic phagolysosome. To test this, we utilized 
the acidotropic dye Lysotracker Red (LR), which accumulates and fluoresces in acidic 
organelles. As previously published for stp2∆, the ngt1∆ and h-d mutant cells colocalize with 
LR to a greater extent than the parental strain, indicating these cells are present in an acidic 
compartment (Fig 4-6-B and -C). LR fluorescence intensity was measured immediately 
outside the fungal cells and within the lumen of the phagosome, as described (Miramón and 
Lorenz 2016; Danhof and Lorenz 2015). Similar to stp2∆ cells, ngt1∆ and h-d mutant cells 
were  
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Figure 4-6: Mutants impaired in N-acetylglucosamine transport and catabolism display 
morphological and pH neutralization defects within macrophages. A) GFP-tagged C. 
albicans strains were cocultured with RAW264.7 macrophages in RPMI medium for 2 h. 
Samples were counterstained with calcofluor white to identify internalized cells, and hyphal 
length was measured using Slidebook 6 software. B) RAW264.7 macrophages preloaded 
with the acidophilic dye LysoTracker red were cocultured with SC5314, the stp2Δ mutant, 
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the h-d mutant, or the ngt1Δ mutant expressing a C-terminal Pma1-GFP fusion. Phagosomal 
pH was measured by quantifying LysoTracker red fluorescent intensity using Slidebook 6 
software. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant. The boxes 
represent cells with fluorescence intensities from 25% to 75% and the whiskers are 5% to 
95%. At least 50 cells were counted per strain. C) Representative images of each strain. C. 
albicans fluorescence results with GFP, Lysotracker red, and mCherry are shown. **This 
work was performed by Robert Williams (Lorenz Lab).  
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impaired for pH neutralization as there was a statistically significant increase in LR staining 
relative to phagosomes containing wild-type cells, indicating that these mutants are in a more 
acidic environment (Robert Williams, unpublished).  
Discussion 
This study elaborates upon the finding that C. albicans can utilize N-
acetylglucosamine (GlcNAc) to manipulate the environmental pH.  This phenomenon bears 
similarities to the extracellular neutralization that results from catabolism of amino acids in 
the overall magnitude of the pH change and the excretion of ammonia as a driving force. By 
genetically blocking the utilization of GlcNAc either by disrupting the transport from the 
extracellular environment (ngt1∆) or by abolishing the enzymes responsible for its 
catabolism (hxk1∆/nag1∆/dac1∆, h-d), we have shown that utilization of GlcNAc is required 
for robust neutralization as opposed to a strictly signaling role as described for GlcNAc-
induced morphogenesis (Naseem et al. 2011). In contrast, none of the described mutants that 
abolish amino acid-induced pH changes, including those lacking the Stp2 transcription factor 
or the Ato1 or Ato5 putative ammonia/acetate transporters, affect neutralization in the 
presence of GlcNAc.  Like these mutants, however, the ngt1∆ and h-d mutants are impaired 
in several measures of fitness within macrophages as a result of occupying a more acidic 
phagolysosome. Thus, despite some similarities, amino acid- and GlcNAc-induced 
neutralization occur by distinct processes. 
In addition to amino acids, C. albicans can raise the environmental pH when utilizing 
carboxylic acids, such as a-ketoglutarate, pyruvate, or lactate, as a carbon source (Danhof et 
al. 2016). This pH change is not accompanied by hyphal morphogenesis or detectable 
ammonia release, and thus differs from either the amino acid- or GlcNAc-induced 
mechanism. Like these processes, however, cells impaired in carboxylic acid utilization are 
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less able to resist killing by macrophages. Thus, C. albicans has at least three independent 
pathways through which it can manipulate the pH of its surroundings, each based on non-
preferred nutrients that appear to be available in the macrophage phagosome. There is 
evidence that combining amino acid and carboxylic acid mutants results in additive defects in 
macrophage interactions (Danhof et al. 2016). We speculate that disabling all three systems 
would reduce fungal survival after phagocytosis to a much greater degree than observed in 
any of the single mutants. This is being investigated by another graduate student in the lab, 
Robert Williams, who has shown that this does indeed occur.  
The comparison of growth and pH in the presence of amino acids versus GlcNAc 
highlights two questions regarding the mechanisms of pH change. First, the rise in pH is 
more rapid with GlcNAc than with amino acids, despite producing less excreted ammonia.  
This might reflect a shorter lag time in the transition from glucose-grown precursors to 
GlcNAc, which is metabolized largely through glycolysis, than for amino acids, which 
requirea a switch to gluconeogenesis. Alternatively, the buffering capacity of media with 
GlcNAc might be less than for amino acids, making the released ammonia more effective. 
Secondly, hyphal growth in phagocytosed cells of the ngt1∆ and h-d mutants is only 
modestly reduced relative to the severe defect of a strain lacking STP2. GlcNAc is a potent 
morphogenetic inducer, sensed by an intracellular mechanism that does not require its 
catabolism through Hxk1, thus the inability to break down this compound might actually 
increase its concentration relative to phagosomes containing wild-type strains, potentiating 
signaling. 
Evidence is mounting that C. albicans uses non-glucose carbon sources as a signal of 
the host environment. The Brown lab has convincingly demonstrated that cells grown on 
lactate, an abundant carboxylic acid found in mammalian niches, affects cell wall structure, 
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adhesion, and drug resistance of C. albicans, and these broad changes can result in altered 
recognition by macrophages (Ene, Heilmann, et al. 2012; Ene et al. 2013a; Ene, Adya, et al. 
2012).  GlcNAc is also abundant throughout the mammalian host and triggers a hyphal 
morphogenetic program in C. albicans and in the dimorphic fungi Histoplasma capsulatum 
and Blastomyces dermatitidis; catabolism is not required for this effect in any of these 
species (Gilmore et al. 2013). In C. albicans, the cAMP-dependent protein kinase A pathway 
is required for GlcNAc-induced morphogenesis, but not for its catabolism, while a newly 
identified transcription factor, Ron1, regulates catabolism and morphogenesis (Naseem et al. 
2017; Parrino et al. 2017). GlcNAc has emerged as a signal of the host environment in 
pathogenic bacteria, as well, including Pseudomonas aeruginosa, where it regulates 
production of phenazines, and Escherichia coli, where it promotes adhesion and biofilm 
formation via expression of fimbriae and CURLI fibers (Naseem and Konopka 2015; 
Barnhart, Lynem, and Chapman 2006; Korgaonkar and Whiteley 2011). Interestingly, host 
cells also use GlcNAc as a signaling molecule. A recent study reported that GlcNAc released 
from breakdown of bacterial cell wall peptidoglycan in the phagosome can trigger NLRP3 
inflammasome activation in macrophages (Wolf et al. 2016). Thus, a variety of species have 
evolved mechanisms to sense GlcNAc to regulate virulence and colonization determinants. 
The macrophage-Candida co-culture system has been a valuable model for 
identifying factors that mediate systemic virulence. Indeed, both the stp2∆ and GlcNAc-
deficient mutants are attenuated in the mouse disseminated hematogenous model (Vylkova 
and Lorenz 2014; S. Naseem, Araya, and Konopka 2015; Singh, Ghosh, and Datta 2001).  
Several mutants strains with impaired ability to utilize carboxylic acids are also attenuated in 
animals or in cell culture models (Lo et al. 1997; Danhof et al. 2016; Chamilos et al. 2006; 
Gil-Bona et al. 2015). This reinforces the idea that many niches in the mammalian host are 
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glucose-poor but replete in other nutrients. Some of these niches, including parts of the 
gastrointestinal tract, oral cavity, and vagina, have regions of low ambient pH. The role of 
pH modulation via alternative carbon metabolism by C. albicans in colonization and/or 
infection at these sites remains to be seen. 
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CHAPTER 5: Analysis of C. albicans during phagocytosis reveals small open reading 
frames as important virulence mediators 
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Introduction 
As briefly introduced, there are other species of the CUG clade that can cause 
systemic and local infections (Pfaller and Diekema 2007; Wingard 1995; Lockhart et al. 
2008). These strains exhibit differences in relative virulence when in vitro phenotypes 
(Abegg et al. 2010; Priest and Lorenz 2015), mouse models of infection (Arendrup, Horn, 
and Frimodt-Møller 2002), and clinical incidence data are compared in combinations (Enoch 
et al. 2017). Candida albicans is the most virulent when all three of these factors are 
considered. There are many clues to what might enhance the virulence of this species in 
comparison to the other closely related species when in a mammalian host. When C. albicans 
is compared to many of these species, there are expanded gene families that may contribute 
to the enhanced virulence of these species. These include known adhesins, secreted aspartyl 
proteases, ammonia transporters, and amino acid permeases, and secreted lipases.  
We hypothesized that these differences in virulence could be due to gene regulation 
or gene content. Virulence of the most pathogenic strains may be explained by genes that are 
not found in less virulent relatives or conserved genes might exhibit different patterns of 
expression between virulent and less virulent species, or a combination of both. To answer 
this question, we sought to perform transcriptional profiling of eight different CUG clade 
species that represent the extremes of this clade in virulence: Candida albicans, Candida 
tropicalis, Candida dubliniensis, Candida parapsilosis, Clavispora lusitaniae, Lodderomyces 
elongisporous, Meyerozyma guilliermondii, and Debaryomyces hansenii (refer back to 
Figure 1-3) when in contact with mammalian innate immune cells. These data could then be 
analyzed to determine what specific advantages C. albicans has in relation to closely-related 
species. 
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Results 
The reasons for disparities in virulence could be multifactorial, so we chose to study 
the transcriptional program of each strain after phagocytosis by primary murine 
macrophages, allowing for characterization of the host macrophage response to each fungal 
species. After one hour of interaction, a time point where ~90% of yeast cells are 
phagocytosed, RNA was collected from either the fungal cells or the macrophages and then 
sent for RNA sequencing. This experiment was performed by a postdoctoral fellow in the 
laboratory, John Collette. After analysis, there were clear differences in the transcriptional 
profiles of each strain in response to phagocytosis, as compared to controls in tissue culture 
media alone (Summarized in Figure 5-1).  
Analysis of the C. albicans response to phagocytosis mirrored that seen earlier in the 
literature (Lorenz, Bender, and Fink 2004), with some key differences. First, there are more 
genes upregulated in previous microarray studies due to different methods of normalization 
and dynamic range for microarray versus RNA sequencing experiments (Figure 5-2). 
Second, the current analysis includes genes not present on the earlier microarrays, due to 
updates to genome annotation. The genes that are upregulated in both studies include key 
genes that are involved in many well-characterized processes that allow for C. albicans 
survival after macrophage phagocytosis, such as proteases, catalase, and genes necessary for 
the import and catabolism of alternative carbon sources. When looking further into the 
transcriptional response to macrophage phagocytosis, we noticed that 48% of the genes that 
are highly upregulated (over 4-fold enriched when compared to controls) are uncharacterized 
(Figure 5-3). Thirteen of these genes are newly annotated open reading frames that are very 
small, encoding proteins of less than 100 amino acids (Figure 5-4-A).  
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Figure 5-1: Summary of transcriptional changes that occur in each of the eight CUG 
clade Candida spp. assessed after phagocytosis by macrophages. A) Differential 
regulation of genes was determined by comparison to RPMI only controls. B) Hierarchical 
clustering of differentially regulated conserved genes of CUG clade species shows a 
universal carbon starvation response. Additionally, each species shows a subset of unique 
responses to phagocytosis, with the surprising exception of C. albicans. 
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Figure 5-2: Overlap of previous microarray experiments vs. current RNA sequencing 
experiment of C. albicans phagocytosed by murine macrophages. Genes that were over 2-
fold downregulated (left) or upregulated (right) were compared for previous microarray 
studies (Lorenz, Bender, and Fink 2004) versus the RNA sequencing experiment performed 
in this study. This figure was generated by Andrew Pountain and used with his permission. 
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This enrichment of small open reading frames in genes upregulated 4-fold and above when 
compared to the entire genome of C. albicans (159 small open reading frames, 6188 total), 
was significantly enriched by a statistical hypergeometric distribution analysis (p-value 
0.0012, 2.64 fold). This dataset represented newly annotated genes that had escaped detection 
in previous transcriptional profiling experiments. We hypothesized that, while 
uncharacterized, they might play important roles in C. albicans survival after phagocytosis 
by macrophages. 
To begin studying the functions of these small open reading frames, I compiled a list 
of the 13 targets and gave them placeholder names, SMA1-13 for small ORF and the order in 
which they were present in the upregulated gene set, for convenience (Figure 5-4-B). I then 
performed in silico analyses on these open reading frames and their corresponding proteins to 
determine if there were any biological predictions that would stand out such as hallmarks of 
secreted proteins or domains of known function. Surprisingly, this dataset represented both 
scenarios with regard to the differences in relative virulence of the CUG clade species. Some 
of these small open reading frames were only conserved in the most virulent species, while 
many genes were present in several species but had differential regulation patterns. Most 
SMA genes have no homology outside of the CUG clade, except for SMA3, which has a S. 
cerevisiae homolog, and most have never been studied in any detail. The exception to this is 
SMA1, otherwise known as BLP1 (Blood-induced peptide 1) which has been studied in some 
detail but has no described molecular function (Brian Peters, UTHSC, personal 
communication). There were only two proteins that had recognizable domains of well-
characterized function: SMA9 has a predicted PMP3 (Proteolipid Membrane Potential 
Modulator) domain that spans amino acid residues 12-28, and SMA11 is almost entirely  
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Figure 5-3: Functional categorization of genes upregulated by phagocytosis. Many 
upregulated genes facilitate alternative carbon metabolism, but nearly half are 
uncharacterized and lack any functional information or homology to characterized genes in 
other species. 
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Figure 5-4: Small open reading frames are highly and consistently upregulated after 
phagocytosis. A) Various names for SMA genes are provided in the first 3 columns (* from 
this study). Read counts from control conditions of RNA sequencing experiment are 
provided (FPKM numbers) in contrast to reads annotated after phagocytosis by Bone Marrow 
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Derived Macrophages (BMDMs). Fold induction is a ratio of reads from control conditions 
vs. phagocytosis. Noteworthy features were discovered by BLAST searches and information 
provided from the Candida Genome Database. B) Upregulation values are consistent between 
biological replicates of this RNA sequencing experiment. B) was created with the assistance 
of Andrew Pountain and used here with his permission.  
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comprised of one RRM (RNA Recognition Motif) domain. Two SMA genes were 
computationally predicted to be putative adhesins (Chaudhuri et al. 2011), one of which I 
decided to pursue further and represents the bulk of this chapter. Phylogenetic analyses of 
each SMA gene as well as sequence conservation and alignment are detailed in Appendix A. 
To study these genes in more detail and to delineate a molecular function for them, we took a 
genetic approach. By creating genetic deletion strains in C. albicans, we could then use host-
relevant in vitro assays to begin to determine their roles and if they were important  
for host-pathogen interaction. Using this approach, I have studied SMA1, SMA5, SMA6, 
SMA12, and SMA13 in some capacity as outlined below. 
 
SMA1, otherwise known as BLP1: An elusive function  
 Blp1 is a 77-amino acid small protein that is predicted to be comprised of two a-
helices with amphipathic properties and is only found in the most closely related pair, C. 
albicans and C. dubliniensis. BLP1 was named in a study published in 2013 that detailed the 
proteomic response of C. albicans to Fetal Bovine Serum (Aoki et al. 2013). This study 
heterologously expressed CaBLP1 in S. cerevisiae to determine the function of this gene. 
Phenotypic assays showed an increased growth rate as compared to the parental strain in 
YPD, when exposed to 40°C, cycloheximide, and 1.25 M NaCl. The authors concluded that 
C. albicans BLP1 has pleiotropic effects on stress tolerance based on these experiments in S. 
cerevisiae.  The group of Brian Peters is studying BLP1, after it was found to be one of the 
most upregulated genes in a transcriptional profiling experiment of C. albicans in a vaginitis 
model of infection, and unpublished data from this group have not shown any phenotypic 
defects in blp1∆ or overexpression strains. In collaboration with the Peters Lab, I tested 
genetic deletion and overexpression strains of BLP1 for interactions with murine macrophage 
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cell lines. These strains did not have any significant defect in macrophage phagocytosis, nor 
did they elicit more or less macrophage damage as compared to controls (Figure 5-5).  
Other transcriptional datasets have shown that BLP1 is upregulated in various 
conditions tested. This small open reading frame is upregulated in biofilms and the murine 
cecum (Sellam et al. 2010), after exposure to low levels of oxidative stress (Bruno et al. 
2010), and when grown in minimal media with amino acids as the sole carbon source 
(Danhof et al. 2016). BLP1 is annotated as an open reading frame with an especially long 3’ 
untranslated region, which has been hypothesized to be a trait of unstable transcripts (Sellam 
et al. 2010).  
 
SMA6 and SMA13: Roles in Oxidative Stress 
SMA6 was upregulated eight-fold after phagocytosis and encodes a protein of 68 amino acids 
that has been observed in proteomics datasets (Vialas et al. 2014). This gene is conserved in 
C. dubliniensis, C. parapsilosis, and L. elongisporous, and C. orthopsilosis. SMA6 is only 
upregulated upon macrophage phagocytosis of C. albicans and C. dubliniensis. SMA13 is a 
small open reading frame that is only found in C. albicans and was upregulated four-fold 
after phagocytosis. It potentially encodes a 99-amino acid protein, but this has not been 
validated experimentally. This gene is upregulated in biofilm cells as compared to  
planktonic cells and its expression is positively regulated by Rob1, a transcription factor that 
is a core transcriptional regulator of biofilm formation (Nobile et al. 2012). SMA6 and 
SMA13 both exhibited increased susceptibility to oxidative stressors and a decrease in 
macrophage survival after co-incubation when deleted (Figure 5-6). We hypothesize that 
these genes function to detoxify oxidative intermediates, or contribute to a process by which 
this occurs, but the precise molecular mechanism is still unknown. 
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Figure 5-5: BLP1 genetic deletion and overexpression strains do not have significant 
macrophage interaction phenotypes. A) The percent survival as relative to non-
macrophage exposed controls. GP-1 is the parental strain for which blp1∆, blp1∆ + BLP1, 
and BLP1 – overexpression (OE) are derived. B) Macrophage damage elicited by C. albicans 
after 16 hours of interaction, as measured by lactate dehydrogenase release. These assays 
were performed in J774A.1 cells. 
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SMA5 and SMA12: The Putative Adhesins 
 Computational analysis of the C. albicans genome has predicted over 80 
characterized or putative adhesins (Chaudhuri et al. 2011). This analysis is based on 
comparing known adhesins from a multitude of fungal pathogens to a negative dataset of 
intracellular proteins from the same pathogens and then applying the resulting algorithm to 
the protein-encoding genes of each genome, with the goal of determining potential vaccine 
candidates. Adhesins are well characterized virulence factors that have been studied in great 
detail; some even comprising the basis for fungal vaccines currently being tested in humans 
(Uppuluri et al. 2018; Hung et al. 2002).  
 The computational analysis in Chaudhuri et al. assigned the term “putative adhesin” 
to both SMA5 and SMA12. The first of these, SMA5, is upregulated 16-fold in response to 
macrophage phagocytosis and is predicted to encode a 45-amino acid protein. SMA5 is 
conserved in several CUG clade species and is differentially regulated after phagocytosis 
across the species tested (Figure 5-4). This open reading frame has also been found to be 
upregulated in low pH, upon exposure to nitrosative stress, and to oxidative stress (Bruno et 
al. 2010). The upstream region features a putative Ndt80 binding site as determined by ChIP-
sequencing (Nobile et al. 2012). Genetic deletion strains of SMA5 (created by Celso 
Catumbela) do not exhibit adhesion defects (Figure 5-7). Whether this gene has other 
phenotypic defects or is defective in macrophage interactions remains to be tested. SMA12 is 
upregulated four-fold in response to macrophage phagocytosis and encodes a 71-amino acid 
predicted protein, that has not been experimentally confirmed through proteomic datasets. 
SMA12 is present in in other CUG clade species but only C. albicans and C. lusitaniae 
upregulate expression of SMA12 after phagocytosis. This newly annotated gene is the most 
upregulated transcript during exposure to serum and is highly upregulated in response to 
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Figure 5-6: sma6∆ and sma13∆ are hypersusceptible to oxidative stress and deficient in 
survival in co-culture with murine macrophages. A) and B) Parental and deletion strain 
were grown with or without 0.1mM Menadione or 1mM tert-butyl hydrogen peroxide in an 
automated plate reader for 16 hours at 30°C, reading every 10 minutes. C) Survival after co-
incubation with murine macrophages (RAW264.7) for 16 hours. Expressed as percent 
survival relative to non-macrophage exposed controls. 
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oxidative stress (Bruno et al. 2010). SMA12 is highly upregulated in the murine cecum in the 
gastrointestinal model of colonization (Sellam et al. 2010) and has been found in two 
separate datasets to be upregulated in biofilms (Bruno et al. 2010; Nobile et al. 2012). 
Additionally, SMA12 is one of the ten most upregulated genes when grown in amino acids as 
the sole carbon source (Danhof et al. 2016).  
It is likely that SMA12 was annotated as a putative adhesin based on its amino acid 
sequence similarity to well-described adhesins, as it features a clear serine/threonine repeat 
domain at the C-terminus. Most described adhesins are structurally similar, with an N-
terminal immunoglobulin domain, a tandem repeat domain, and a C-terminal serine / 
threonine repeat domain of varying length (Yaoping Liu and Filler 2011). The majority of 
described adhesins are under the regulatory control of the transcription factors Efg1 and 
Bcr1; SMA12 is no exception and has upstream binding sites for both of these transcription 
factors as well as Ndt80 as determined by CHiP-sequencing (Nobile et al. 2012). Genetic 
deletion strains of SMA12 were shown to have several phenotypes and these data comprise 
the remainder of this chapter. Due to the small size of SMA12 as well as its contribution to 
adherence (discussed below), we have reserved the name MicroAdhesin 1, or MIA1, for this 
open reading frame through the Candida Genome Database and it will be referred to as such 
throughout the remainder of this dissertation. 
MIA1 is necessary and sufficient for full adherence to biotic and abiotic surfaces 
Though annotated as a putative adhesin by computational analysis (Chaudhuri et al. 
2011), Mia1 does not have a structure similar to typical adhesins. Though annotated as a 
putative adhesin by computational analysis (Chaudhuri et al. 2011), Mia1 does not have a 
structure similar to typical adhesins. After one hour of incubation in 96-well polystyrene  
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Figure 5-7: sma5∆ strains do not exhibit an adhesion defect. After adherence to 96-well 
polystyrene plates for 1 hour in PBS, shaking gently at 37°C, wells were washed with PBS to 
measure early adherence to substrates. 
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plates, cells suspended in PBS were assessed for relative adherence. After several washes, 
cell density was measured by crystal violet reading at 595nm (Figure 5-8-A). mia1∆ strains 
were attenuated for adherence at this time point, and this phenotype was restored to the 
parental strain levels of crystal violet binding in a complemented strain (mia1∆ + MIA1). In a 
mia1∆ background, expression of MIA1-6xHIS complements to the same extent as the 
parental variant, indicating that C-terminal fusion of this epitope tag maintains the function 
of Mia1. mia∆ cells are not deficient for biofilm formation after 24 hours, indicating that it 
has a role in early adhesion steps (Figure 5-8-C). Additionally, these cells do not exhibit 
differences in hydrophobicity, which could have potentially explained differences  in 
adhesion to polystyrene (Figure 5-8-D).  
In order to determine if this putative adhesin was sufficient for adhesion, we 
expressed C. albicans MIA1 (CaMIA1) into a heterologous and poorly adherent host, S. 
cerevisiae.  As compared to the empty vector (EV) control, cells expressing CaMIA1 were 
more adherent to polystyrene surfaces after one hour of incubation and crystal violet staining 
Figure 5-9). Replacing the parental copy of CaMIA1 with CaMIA1-flag mirrors results seen 
in C. albicans, where function is maintained. We next aimed to understand if C. albicans 
Mia1 was important for adhesion to mammalian cells. To address this, monolayers of HeLa 
cells were inoculated with C. albicans with or without MIA1 present, allowed one hour of 
adhesion, and washed of non-adherent cells. Adherent cells were enumerated after exposure 
with a-Candida-FITC antibody and then either manually counted with an inverted 
fluorescent microscope at 40x magnification or automatic counting at 10x with an imaging 
plate reader (Cytation5, Gen3 software). In context of mammalian adherence of C. albicans, 
I observed a similar phenotype, in that cells lacking MIA1 are defective in adhesion to HeLa 
epithelial monolayers (Figure 5-10). 
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Figure 5-8: mia1∆ (sma12∆) cells exhibit defects in adhesion. After adherence to 96-well 
polystyrene plates for 1 hour in PBS, shaking gently at 37°C, wells were washed with PBS to 
measure early adherence to substrates. A) mia1∆ and complemented strains were tested. B) 
Representative image of crystal violet staining after washing off non-adherent cells. C) 
Strains were tested for biofilm formation after 24 hours of incubation in YNB + Glucose at 
37°C. D) Cell surface hydrophobicity is not affected in deletion or complemented strains as 
tested by hexadecane biochemical assay.  
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Several adhesins have been identified through heterologous expression in S. 
cerevisiae and tested by adherence to epithelial and endothelial cells. For this reason, I chose 
to test adherence of S. cerevisiae cells heterologously expressing CaMIA1 on epithelial 
(HELA) monolayers in a similar manner as above. This experiment was inconclusive, 
however, due to the strikingly low adherence of the parental strain. To address this, I chose 
an inoculum 10-fold higher (1x106 cells) than the inoculum than in similar experiments 
studying C. albicans (1x105 cells). This was also unconvincing, highlighting the pronounced 
adhesion defect of S. cerevisiae in contrast to C. albicans.  
 
In vitro susceptibility to cell wall stressors 
Due to the observed adherence defect, we sought to understand if mia1∆ cells were 
more susceptible to common cell wall stressors. This could potentially identify cell wall 
aberrances in cells lacking MIA1. mia1∆ cells were also assessed for  
resistance to cell wall stressors (Figure 5-11). Growth over 16 hours in an automated plate 
reader did not indicate susceptibility to Congo Red, Caffeine, SDS, NaCl, or Calcofluor 
White. There was, however, a difference noted in the dye uptake of Congo Red when C. 
albicans strains were tested on solid medium containing these stressors. Congo Red binds to 
amyloid regions of cell wall proteins, indicating that mia1∆ cells have less available amyloid 
regions to bind. Mia1 is predicted to have an amyloid-forming region, which may interact 
with other adhesins.  
 
Subcellular Localization of Mia1  
While Mia1 is predicted to be an adhesin and we have experimentally shown that it 
contributes to adherence on biotic and abiotic surfaces, a question still remained as to its 
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Figure 5-9: Heterologous expression of C. albicans MIA1 into S. cerevisiae demonstrates 
an increased adhesion phenotype. S. cerevisiae is a relatively non-adherent yeast on 
polystyrene surfaces, allowing for gain of function studies. When compared to an Empty 
Vector control strain, constitutive expression of the C. albicans MIA1 gene increases 
adhesion.  
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Figure 5-10: MIA1 contributes to adhesion to epithelial (HeLa) cell monolayers. C. 
albicans cells were inoculated on HELA monolayers and allowed to adhere for one hour 
before washing non-adherent cells away and staining with a-Candida-FITC. A) Cells were 
assessed by manual counting of fluorescence images in a low-throughput manner, or B) 
automatically counted using an automated imaging plate reader and Gen5 software. 
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subcellular localization. We hypothesized that it would be present on the cell surface, but 
there is no appreciable predicted signal sequence that would direct it to the endoplasmic 
reticulum and eventually the plasma membrane or cell surface. There is a low-confidence 
prediction for a signal peptide-like sequence by SignalP 4.1 using the Gram-positive bacteria 
computational settings (Petersen et al. 2011) that could possibly function in yeast (Peter 
Lipke, personal communication.)  
To further confound this scenario, Mia1 has not been reported in proteomics datasets 
addressing proteins on the cellular surface. However, this can be explained with the chosen 
protease treatment of most samples and the similarity of intact regions of Mia1 to 
Serine/Threonine domains of characterized adhesins (Figure 5-12-A) (Aoki et al. 2013; 
Vialas et al. 2014). To address this question, I constructed two separate C-terminal epitope 
tagged variants of Mia1, creating Mia1-3xMyc and Mia1-3xHA. Using indirect 
immunofluorescence detection on non-permeabilized cells, Mia1-3xMyc and Mia1-3xHA are 
detectable on the cellular surface (Figure 5-12-B). This supports a scenario where Mia1 is 
non-canonically trafficked to the cellular surface, which has precedence in previous literature 
reports (Nombela, Gil, and Chaffin 2006; William A. Fonzi 2009).  
 
 
 119 
 
 
Figure 5-11: Growth curves of mia1∆ cells do not show cell wall stress phenotypes, Congo 
Red dye uptake differs. A) Growth in YPD of mia1∆ strains and complement is compared to 
SC5314 (parental strain). B-F) mia1∆ strains were tested for various cell well stress 
compounds using an automated plate reader at 37°C, taking OD600 readings every ten minutes. 
Concentrations are indicated. G) Solid media serial dilution inoculation of strains shows 
morphological differences between mia1∆ strains and parental or complemented counterparts 
at 37°C in YPD. H) Solid media serial dilution inoculation of strains on YPD + 250µg/mL 
Congo Red indicates mia1∆ strains are deficient at dye uptake. G and H represent 48 hours of 
growth.  
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Figure 5-12: Mia1 is not found in proteomics datasets due to trypsin cleavage sites and 
Als homology yet is located on the cell surface. A) Trypsin cleavages sites are indicated by 
the blue triangles above the amino acid sequence of Mia1. Regions of homology with Als 
proteins are shown below. B) Indirect immunofluorescence of CAI4 cells and CAI4 cells 
expressing Mia1-myc. Cells were grown overnight and then subcultured for 4 hours in YNB 
+ Glucose for 4 hours or 3 hours before culture at 37°C for the final hour. Cells were then 
fixed. Primary Antibody (Ab): a-myc antibody (mouse, Roche), secondary Ab: a-mouse 
Alexa-477 (rabbit, Thermo) 
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Figure 5-13: S. cerevisiae cells expressing CaMIA1-flag show differences in localization. 
Cells were grown overnight and then sub-cultured for 4 hours in SD medium (-Ura) for 4 
hours at 30°C before fixation. Primary Antibody (Ab): a-flag antibody (mouse, Sigma), 
secondary Ab: a-mouse Alexa-477 (rabbit, Thermo)  
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Interestingly, when S. cerevisiae strains are evaluated for similar localization patterns 
through immunofluorescence, the only samples that show detectable levels of Mia1-Flag are 
those that had been permeabilized with 0.1% Triton-X (Figure 5-13). There still appears to 
be peripheral staining in some cells which is unexpected when put in context with data 
supporting CaMIA1 expression leading to increased adhesion of S. cerevisiae and warrants 
further study. 
Macrophage models of Candida-host interactions  
 MIA1 was identified as an upregulated open reading frame after macrophage 
phagocytosis by primary murine macrophages. We next decided to test if strains lacking 
MIA1 were deficient in survival after phagocytosis and if these strains elicited less damage 
than their parental and complemented counterparts. mia1∆ strains survive interactions with 
both RAW264.7 and J774A.1 immortalized murine macrophages to a lesser extent than the 
parental strain and the complemented strain. A C-terminal epitope fusion does not affect this 
phenotype (Figure 5-14-A). Interestingly, mia1∆ strains do not show a defect in eliciting 
macrophage damage, implying that these strains are susceptible to macrophage killing but are 
not inherently defective in other processes required for macrophage lysis, such as mechanical 
lysis or inducing pyroptosis (Figure 5-14-B). 
 
Contributions of MIA1 to host colonization in various niches  
While I have shown that MIA1 is critical for adherence and survival in macrophage 
co-culture, there were still questions as to the in vivo relevance of this uncharacterized small 
open reading frame. We tested three separate models of colonization; a gastrointestinal  
model reflective of commensal association with the host, a model of oropharyngeal 
candidiasis, and a model of disseminated candidiasis.  
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Figure 5-14: MIA1 contributes to survival after macrophage co-incubation, but does not 
contribute to macrophage lysis. The survival of SC5314 (WT), mia1Δ/Δ, and mia1∆ + 
MIA1 strains were assessed for survival after incubation with RAW264.7 macrophages for 16 
hours. Percentage of survival is relative to the number of colonies formed for each strain in 
RPMI alone. B) J774A.1 macrophages were also tested. C) Macrophage cytotoxicity was 
measured by the detection of released lactate dehydrogenase (LDH) from J774A.1 murine 
macrophages after 5 hours of coincubation (using an MOI of 3:1) with each indicated strain. 
Percentage of release is relative to chemically lysed macrophage controls. *, P < 0.05; **, P 
< 0.01.  
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Altered ability to adhere to the mammalian gastrointestinal tract would have severe 
consequences for C. albicans. As the GI tract is one of the most heavily colonized host 
niches, we hypothesized that a MIA1-deficient strain would have attenuated colonization as 
compared to a parental strain. To investigate gastrointestinal colonization potential, mice 
were treated with penicillin/streptomycin for five days to clear resident bacterial populations. 
SC5314, mia1∆, and mia1∆ + MIA1 were inoculated via oral gavage at a 1:1 ratio with a 
dTomato-labelled SC5314 strain. At defined time points, the competitive index was 
calculated by determining CFU/g of fecal sample. This competitive model is a robust 
measure of the colonization efficiency of one strain as compared to a parental strain. There 
was no appreciable defect of mia1∆ cells to colonize the mouse gastrointestinal tract, though 
the complemented strain showed a slight increase in ability to colonize when in a similar 
competitive environment after 14 days, and both mia1∆ and mia1∆ + MIA1 strains exhibit 
increased colonization after 21 days (Figure 5-15).  
Another important process where  adhesion of C. albicans is important for 
colonization is within the oral cavity, which can be modeled with a  murine model of 
oropharyngeal candidiasis (OPC). We anticipated a role for MIA1 during initial adherence 
events that preclude oropharyngeal candidiasis (OPC) and that disease progression as 
measured by histology and fungal burden would reflect a defect in mia1∆ colonization. To 
this end, we investigated the ability of mia1∆ strains to persist on the oral surfaces of Balb/c 
mice that had been treated with immunosuppressants (200 mg kg-1 cortisone acetate) prior to 
oral inoculation with a C. albicans-soaked swab, as described previously (Solis and Filler 
2012). We assessed colonization with histology as has been reported previously (Solis, 2017) 
as well  
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Figure 5-15: mia1∆ cells are not defective for gastrointestinal colonization. A) 
Competitive index of SC5314 + dTomato vs. WT, mia1∆, and complemented strains is 
depicted. Outbred ICR mice were treated with penicillin and streptomycin for 5 days prior to 
inoculation via oral gavage. Fecal samples were collected every 7 days to monitor ratio of 
colonizing organisms. B) Representative image of plates used for enumerating dTomato-
expressing WT cells versus unlabeled experimental strains.  
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as by qPCR methods (Graham et al. 2017). Analysis by qPCR was unsuccessful, primarily 
due to the extremely small amounts of fungal DNApresent within the murine tongue tissue 
(Figure 5-16-A). However, analysis of histology sections of fixed tongue tissue stained with 
periodic acid-schiff (PAS) provided information about infection progression. Using this 
method, I determined differences in lesion number, size of lesions, and depth of epithelial 
invasion by C. albicans (Figure 5-16-B through -D). When analyzed for these criteria, 
mia1∆ lesions are smaller in width and generally less invasive when compared to the 
complemented strain and the parental strain. It is also illustrative to view representative 
images of these lesions (Figure 5-16-E through -G), where visually there are striking 
differences in the amount of colonization seen.   
As the macrophage model of infection has been instrumental in the discovery of 
many known effectors of virulence that have demonstrated roles in disseminated infections, 
we next sought to investigate if MIA1 was important in a disseminated mouse model of 
candidiasis. WT, mia1∆, and mia1∆ + MIA1 strains at an inoculum of 5x105 cells were 
introduced to the bloodstream of outbred ICR mice via tail-vein injection and mice were 
monitored over 21 days. Termination was performed when moribund status was reached,  
indicated by systemic symptoms such as fur ruffling, ambulatory defects, and lethargy. After 
analysis, there is a statistically significant delay in moribund status when comparing the 
mia1∆ and parental strain (Figure 5-17), where the mia1∆-infected mice survive longer than 
mice infected with the parental strain. Importantly, the complement strain was not 
significantly different in survival kinetics than the parental strain, indicating that this survival 
phenotype is directly linked to deletion of MIA1. These data support a model predicting that 
adhesion by Mia1 is critical not only for adherence and interactions with innate immune 
cells, but also serves important roles in a more nuanced model of mammalian infection.  
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Figure 5-16: MIA1 is critical for mucosal pathogenesis. Balb/c mice tongues were 
inoculated with suspension of C. albicans in PBS after 2 days of immunosuppression with 
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cortisone acetate. WT (n=7), mia1∆ (n=7), and mia1∆+ MIA1 (n=6) were tested. Tongues 
were dissected after 5 days of infection and processed for fungal burden and histological 
analysis. A) Assessing fungal burden by qPCR of isolated DNA from tissue samples was 
unsuccessful. B-D) Analysis of histology sections after formalin fixation, sectioning, and 
PAS staining by Fiji. Inoculation with mia1∆ cells result in smaller and more shallow fungal 
lesions. E-G) Images (40x magnification) representing the most severe lesions identified for 
each strain. C. albicans cells after PAS staining are fuschia/reddish-purple.  
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Figure 5-17: mia1∆ is attenuated for virulence in a murine model of disseminated 
candidiasis. Outbred ICR mice were inoculated with 5x105 cells resuspended in PBS of the 
corresponding strains: WT (SC5314), mia1∆, and mia1∆ + MIA1. Each group is comprised 
of 10 animals.  
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Discussion  
 RNA sequencing to elucidate transcriptional regulatory patterns across conditions is a 
powerful technique. We chose this experimental method to being to understand the 
transcriptional differences between closely related, but very phenotypically different, 
Candida spp. in a host-relevant scenario. This dataset allowed us to investigate the 
differences between these species and ask if virulence differences could be due to gene 
content or differential regulation when encountered by innate immune cells. While this is still 
under investigation, it is clear that there are striking differences in the transcriptional 
programming of each species that can be attributed to contact with macrophages. These 
datasets provide a wealth of information that can then be used to delve deeper to determine 
differences between these species.  
 Transcriptional profiling, however, is not a new technique. Using microarray or 
RNA-sequencing approaches, there have been numerous reports of C. albicans regulatory 
networks throughout the years. What remains true in each of these cases is an 
overrepresentation of uncharacterized genes. Only rarely do investigators choose to pursue 
these genes given the lack of knowledge and the threat of not discovering a relevant 
phenotype after genetic manipulation. With advances in genetic techniques, this is now 
possible. However, it is still unlikely that uncharacterized genes will be the first genes 
studied from a dataset, no matter how highly upregulated they may be in any given context.  
 In this chapter, I have shown that uncharacterized genes are worthwhile to study. 
Even further, small open reading frames are worth the effort to phenotypically characterize. 
These genes rarely have homologs outside of the CUG Clade of Candida spp. but they 
represent a fascinating set of genes that have earned further investigation. Genetic deletions 
of SMA6, SMA13, and MIA1 all render C. albicans more susceptible to macrophage killing, 
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validating our hypothesis that these genes serve important functions after macrophage 
phagocytosis. MIA1 is also important for virulence in a wide range of host-relevant assays. 
Thus far there have not been roles described for BLP1 or SMA5, and both genes certainly 
warrant further study.  
 
The role of Blp1 remains elusive  
Despite several groups actively researching the function of BLP1, there is no 
phenotype consequence of deleting this gene from C. albicans. For my contribution, there 
does not seem to be statistically significant difference between the parental strain and blp1∆ 
strains in a macrophage co-culture model of interaction (Figure 5-5). This is puzzling, due to 
its relatively high abundance. For instance, in our dataset, when normalized for ORF size, the 
detected number of reads (FPKM) of BLP1 is around 2180 reads after macrophage 
phagocytosis. When we compare this to the well-expressed gene ACT1 (Actin), the counts 
are almost exactly the same (2200 normalized reads). This represents a significant energy 
deficit for a cell to transcribe this gene to such a high extent. When put in the context of the 
macrophage lysosome, a niche that is known to be relatively sugar-poor, it is astounding that 
this gene is upregulated to this extent. This gene is continually in the list of genes most highlt 
upregulated in host-relevant contexts, suggesting that it serves some purpose when C. 
albicans is in contact with the mammalian host.  
 
SMA6 and SMA13 may serve as oxidative stress signals  
 While there is still relatively little known about the functions of SMA6 and SMA13, it 
is clear that both are involved in oxidative stress resistance (Figure 5-6). This may account 
for their observed defect in surviving macrophage phagocytosis, though this direct 
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correlation requires more in-depth investigation. When analyzing their corresponding amino 
acid sequences, we have developed a hypothesis that these small proteins may serve as 
oxidative stress signals or oxidative sinks to the cell. SMA6 is comprised of 20.6% Lysine 
residues, the majority of which are located at the C-terminus. Lysine residues in other 
microbial species have been associated with resistance to oxidative stress as a result of 
protein carbonylation that occurs on Arginine, Lysine, Proline, and Threonine residues (Kim 
et al. 2010; Requena 2012). SMA13 is comprised of fewer Lysine residues (11.1%) yet 
features an enrichment of seven Lys residues between amino acid 18 and 29 at the N-
terminus of the protein. Given the high concentration of oxidative stressors in the 
macrophage phagosome, it is feasible that without these sensors C. albicans is not able to 
respond appropriately to detoxify the environment and this results in greater killing potential 
of the macrophage. These proteins may also serve to decrease oxidative stress by being 
preferentially oxidized, protecting other response elements.  
 
Deletion of MIA1 reveals in vitro phenotypes  
In addition to underlining the importance of studying uncharacterized genes, this 
study also serves to demonstrate important biological differences between two genes that 
were both described as ‘putative adhesins’ through computational analysis. It is possible, 
however, that SMA5 is important for other surfaces that were not tested in this study, such as 
silicone or hydroxyapatite. The adhesion defect seen in mia1∆ cells is striking (Figure 5-7) 
and reproducible, leading to the hypothesis that this gene greatly contributes to adhesion both 
in vitro and in vivo. We have also shown that expression in a heterologous yeast, S. 
cerevisiae, enhances the adhesion of this relatively non-adherent yeast to polystyrene surface. 
By testing adherence to epithelial cells, we also showed a modest defect in adhesion of 
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mia1∆ cells to mammalian cells (Figure 5-11), encouraging further investigation into the 
murine model of oropharyngeal candidiasis, where adhesion to mammalian cells is necessary 
for robust infection outcomes.  
We hypothesized early on that if Mia1 was a functional adhesin, then it must be 
surface exposed. Our results indicate that Mia1 is indeed located on the cell-surface of C. 
albicans (Figure 5-12). While it is possible that this protein is trafficked via the endocytic 
pathway based on computational analysis, it is more likely that this protein is non-
canonically trafficked to the cell surface. This idea is supported by data indicating that the 
majority of Mia1 is present intracellularly in S. cerevisiae (Figure 5-13), which may require 
more stringent requirements for transport to the cell surface. Alternatively, this altered 
localization may provide support for an interacting partner missing in S. cerevisiae that is 
necessary for non-canonical localization on the cell wall . There is evidence to support non-
canonical localization on the cell wall in C. albicans, as close to 40% of proteins determined 
to be on the cell wall are non-canonically trafficked to their locations (Nombela, Gil, and 
Chaffin 2006; Gil-Bona et al. 2015). There are well documented examples of mislocalized 
proteins having clear interacting partners with host cell proteins that have biological 
consequences, indicating that they are indeed cell-surface localized (Li et al. 2003; López-
Ribot et al. 1996; Sun et al. 2010).  
 
Mia1 has roles within the mammalian host 
 Adhesion is an incredibly important virulence trait for C. albicans. One of the most 
well-defined places where adhesion is necessary is the oral cavity. C. albicans is a normal 
colonizer of many human oral microbiomes and must withstand the constant dynamic nature 
of this niche. Our results investigating the requirement for MIA1 in a murine model of 
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candidiasis supports our hypothesis that this gene is required for robust adhesion to 
mammalian surfaces. The differences shown in Figure 5-16 serve to highlight the severity of 
an infection with a parental strain of C. albicans and the relatively small and shallow lesions 
of a mia1∆ strain, which is complemented with expression of MIA1.   
 Gastrointestinal colonization as measured by competition with a parental strain 
initially showed results that did not indicate a role for MIA1 in commensal colonization 
niches. When we allow animals to continue this colonization for two extra weeks, however, 
we see detectable differences between the parental strain and the complemented strain as 
well as a slight increase in mia1∆ colonization (Figure 5-15). This pattern is puzzling and 
remains to be explained. Mia1∆ + MIA1 cells should exhibit an intermediate level of MIA1 
transcripts and resulting protein, as ectopic integration is only performed with one copy 
under the control of the native promoter (refer to Materials & Methods, Ch. 2). This model 
of colonization is well-described and often used but does have some experimental nuances to 
consider. For instance, mice do not naturally harbor C. albicans and colonization must be 
maintained with constant penicillin/streptomycin exposure to decrease bacterial burden. It is 
possible that there are confounding factors that affected these particular mice, though the 
reason is unclear. Nevertheless, if adhesion due to Mia1 is necessary for colonization of the 
gastrointestinal tract, we would expect the deletion strain numbers to drop off quickly after 
inoculation, which does not occur.  
Previous reports studying other well-known adhesins indicated that it was unlikely we 
would see an appreciable defect in survival kinetics in a mia1∆ strain (Cleary et al. 2011). 
Survival kinetic differences shown in Figure 5-17 demonstrate an attenuation in time to 
moribund status, but all animals do still succumb to infection. This leads us to believe that 
the mia1∆ strain may be defective in establishing an infection but does catch up and is fully 
 135 
virulent once established. This is supported, but by no means proven, by in vitro data 
showing that mia1∆ cells are deficient in early stages of adhesion but are capable of forming 
robust biofilms. This temporal aspect of mia1∆ phenotypes is worth investigating further and 
is an interesting avenue for future research. These data in conjunction with macrophage 
survival phenotypes and cell wall stress sensitivities, lead to further questions about the exact 
role for Mia1 in adhesion, interactions with the host, and virulence. Many of these remaining 
questions will be discussed in Chapter 6.  
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Candida albicans is the fourth most prevalent organism isolated from bloodstream 
infections in hospitals, and disseminated infections have a mortality of around 40%. Also, C. 
albicans is an incredibly common colonizer of humans and is able to cause a range of other 
diseases in immunocompromised as well as immunocompetent hosts. These facts together 
implicate C. albicans as the most important fungal species associated with humans. The 
number of people susceptible to C. albicans infections keeps rising, as most risk factors are 
iatrogenic in nature. This, combined with the fact that there are few antifungal drugs 
available, underlines the importance of understanding C. albicans pathogenicity and how this 
fungal species interacts with the cells most responsible for its recognition and clearance.  
The results of the work described in this dissertation cover the broad subject of C. 
albicans adaptation to the host and the mechanisms by which this organism is able to survive 
and cause infection through a variety of means. Alternative carbon utilization has been 
shown over and over again throughout the years to be a key requirement for C. albicans in 
host-pathogen interaction models. This concept is expanded in this work by presenting 
additional genetic contributors to pH neutralization, a process that is critical for survival after 
phagocytosis by macrophages. I have also shown that the utilization of amino acids and N-
acetylglucosamine are genetically distinct pathways that have non-overlapping genetic 
requirements. Furthermore, through work presented in this dissertation, I have shown that 
there are uncharacterized genes that C. albicans upregulates upon contact with the 
mammalian host and that we can determine virulence-associated functions for these genes. 
The majority of these newly annotated genes were completely unstudied and in this work we 
have described the first phenotypic assessment of them in vitro and in one case, in vivo.  
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Hyphal morphogenesis is not a direct result of pH neutralization  
 One of the most important virulence traits of C. albicans is its morphological 
transition from yeast to hyphae and the ability to transition back to yeast. Hyphal 
morphogenesis is triggered by a multitude of signals, many of which are associated with 
growth in the host: 37°C, neutral pH, some amino acids (proline and methionine, in 
particular), N-acetylglucosamine, calcium, CO2, and oxidative stress can all trigger hyphal 
morphogenesis. Neutral pH (above pH 5.5) is sensed by Rim22 and is associated with the 
transcription factor Rim101 (Davis 2003). However, growth with amino acids or carboxylic 
acids as the sole carbon source, and resulting pH neutralization, have been shown not to 
involve Rim101 (Vylkova et al. 2011).  
Within the macrophage phagosome, it has been shown that C. albicans can undergo 
hyphal morphogenesis. This morphology transition has been experimentally correlated in 
several studies presented here and elsewhere, with the ability of C. albicans to raise the 
extracellular pH of an acidic phagosomal compartment. For example, stp2∆ cells are unable 
to form hyphal filaments when phagocytosed by macrophages. Inhibition of the macrophage 
vATPase with bafilomycin A renders stp2∆ cells fully capable of undergoing hyphal 
morphogenesis (Vylkova and Lorenz 2014). This idea highlights the wide range of 
mechanisms C. albicans uses within the host. What does not fit into this paradigm is a model 
wherein C. albicans utilizes carboxylic acids as the sole carbon source. In this scenario, I 
have shown that yeast cells are able to raise the extracellular pH, but that this does not result 
in hyphal morphogenesis (Figure 3-2). My data suggest that C. albicans is likely to 
encounter multiple hyphal inducers and multiple carbon sources in host niches including the 
phagolysosome. Both of these carbon sources are readily available within the host and have 
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been shown to be available within the macrophage phagosome, as determined through 
genetic means (Figure 4-6 and Vylkova and Lorenz 2014). 
 
Genetic screens elucidate previously unknown contributors to carboxylic acid-induced 
pH neutralization  
 The genetic requirements for utilization of carboxylic acids is also different than 
those for utilization of amino acids and N-acetylglucosamine. STP2 is not required for pH 
neutralization, nor is any other known component required in amino acid-induced pH 
neutralization (Danhof et al. 2016). We sought to understand additional contributors to this 
process and found several genes that are unable to grow in the presence of carboxylic acids 
alone; ALI1, COX4, CPH1, KIS1, PEP8, SIN3. Three of these mutants also exhibit growth 
defects in glucose media, indicating that they have wide-ranging defects. These genes were 
relatively well discussed in Chapter 3, but I will bring further attention to two; SIN3 and 
PEP8 (below, ‘retrograde transport’). SIN3 is annotated as a transcriptional corepressor and, 
in S. cerevisiae is in a complex with Rpd3 (a histone deacetylase) (Kasten, Dorland, and 
Stillman 1997). This complex represses transcription of genes after recruitment to chromatin 
by specific transcription factors (Kadosh and Struhl 1998; Rundlett et al. 1998). The 
transition between glycolysis and gluconeogenesis involves the repression and derepression 
of large sets of genes; It is logical to assume this includes global changes in chromatin 
structure. If the function of Sin3 is conserved, a role in regulating these metabolic switches is 
reasonable. Strains heterozygous for SIN3 have been reported to have filamentation defects, 
while a homozygous deletion has reduced competitiveness in vivo (Uhl et al. 2003; Noble 
and Johnson 2005). Identifying a sin3∆ transcriptional profile when cells are growing on 
glucose or a-ketoglutarate or lactate may serve to further illustrate what genes are required 
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for efficient cellular response to these alternative carbon sources, as relatively few resulted 
from the genetic screen performed in this work.  
Peroxisome function is implicated in amino acid-induced pH neutralization  
 Amino acids are catabolized during pH neutralization by deamination (resulting in 
extruded ammonia) and subsequent processing in the cytoplasm and mitochondria. Some 
amino acids are integrated into TCA cycle intermediates through acetyl-coA. Transfer of 
acetyl-coA to the mitochondria occurs from peroxisomes via carnitine acetyltransferases in 
the form of acetate or acetyl-carnitine (Karin Strijbis and Distel 2010). Involvement in 
general metabolism, in addition to the importance of peroxisome in combating oxidative 
stress by means of high concentrations of catalase in the peroxisomal lumen, implicates 
peroxisomes as an important organelle during amino acid catabolism. In this dissertation, I 
have shown that peroxisomal protein import is important for pH neutralization while C. 
albicans is utilizing amino acids as a sole carbon source. I have also shown that when C. 
albicans is phagocytosed by macrophages, there is a significant increase in peroxisomal foci 
by fluorescence microscopy. This increase supports earlier RNA Sequencing data where cells 
grown with amino acids were compared to glucose-grown cells; among the most upregulated 
genes, peroxisomal components are the most significantly enriched (Figure 3-3). Delayed 
pH neutralization in pex5∆ and pex13∆ strains could be due to reduced metabolite transport 
across the peroxisome membrane, as has been showed for pex5∆ cells previously (Piekarska 
et al. 2008). However, I have shown that pex13∆ are able to grow to wild type levels, 
indicating that metabolite transport and subsequent integration into the TCA cycle are not 
likely to be the reason for delayed pH neutralization. The mechanism that drives this delay is 
still unknown in this strain, but it is clear that peroxisomal protein import and function are 
critical for interactions with the host, which has been seen in several fungal and parasitic 
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pathogens. The impact of disrupted peroxisomal protein import in the context of the 
metabolism of most amino acids, however, is unexpected.  
Tor signaling contributes to pH neutralization with amino acids as the sole carbon 
source  
 There is a large body of literature describing Tor since its initial discovery in 1990. 
This protein regulates a multitude of processes within cells and is one of the main regulators 
of nitrogen starvation and amino acid levels in eukaryotes. Tor signaling has mostly been 
studied for its roles in signaling nutritional sufficiency of nitrogen  and protein synthesis in 
order to promote downstream events such as cell division. Our results show that Tor 
signaling is critical for robust pH neutralization when amino acids are the sole carbon source, 
the first report of this phenotype. While modest, this phenotype is observed both by genetic 
inhibition of the Tor pathway (rhb1∆) as well as chemically with treatment by rapamycin 
(Figure 3-6). This phenotype indicates that nutritional availability in the form of nitrogen 
abundance (amino acids) is affecting Tor activity, and downstream events lead to pH 
neutralization defects. We have also shown that only one of the GTPases upstream of Tor is 
required for this phenotype, highlighting a rare difference in C. albicans for these GTPases. 
The downstream effects of a functional Tor pathway, however, are not obvious when we 
analyze the results of this genetic screen and previous reports of amino acid-induced pH 
neutralization. As Tor1 is an essential gene, these differences could be assessed with a rhb1∆ 
strain as seen in this study. There have been transcriptional profiling experiments reported of 
rhb1∆ cells compared to wild type (Flanagan et al. 2017). Interestingly, when that dataset is 
analyzed, several genes are downregulated that we find highly upregulated after macrophage 
phagocytosis (CAN2, HGT2, and YHB1). CAN2 encodes a basic amino acid permease, which 
could explain the defect of rhb1∆ cells to neutralize the pH of amino acid containing media 
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in the same temporal pattern as wildtype. CAN2 is not significantly downregulated when 
gtr1∆ cells are compared to a wild type strain, providing additional support for this 
hypothesis.  
Retrograde transport, membrane integrity, and Tor signaling represent further 
opportunities for study 
In genetic screens studying amino acids and carboxylic acids, two separate genes 
identified are involved in membrane activity and suggest a role for vesicular transport. 
ORF19.783 was one of three genes discovered in a genetic screen for amino acid pH 
neutralization (Figure 3-3). As discussed in Chapter 3, this gene has homology to the S. 
cerevisae protein Neo1, a phospholipid translocase/flippase. Neo1 is involved in retrograde 
vesicle-mediated transport and interacts with several proteins including the GTPase Arl1. 
Arl1 is similar to ADP-ribosylation factors and is involved in membrane integrity through its 
roles in organization and recycling of proteins via endocytosis. Interestingly, one of the genes 
discovered to have a pH neutralization defect when carboxylic acids are the sole carbon 
source, PEP8 (Figure 3-1), also interacts with Arl1 in S. cerevisiae. Pep8 in S. cerevisiae 
also has roles described in membrane integrity and retrograde transport of cargo proteins, 
lending further support to the hypothesis that aberrant phospholipid architecture or 
trafficking of cell surface proteins could interfere with efficient pH neutralization.  
Our data indicate that altered trafficking may occur in the context of several carbon 
sources and a recent report using S. cerevisiae provides support for this notion (Talaia et al. 
2017). By growing S. cerevisiae on lactate, the Paiva group discovered that endocytosis of 
the carboxylic acid transporter Jen1 is necessary for pH neutralization and that this is 
dependent on the a-arrestin protein Bul1. Treatment of cells with rapamycin also caused a 
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rapid internalization of Jen1, indicating that TORC1 activity is necessary for endocytic 
recycling. Another study in S. cerevisiae implicated endocytosis of the general amino acid 
permease (Gap1) to be dependent on Bul1 (MacGurn et al. 2011).  Additionally, there is 
experimental support that Gap1 endocytosis is dependent on TORC1 by rapamycin 
experimentation (Merhi and Andre 2012). Arl1 function is likely conserved in C. albicans 
and functions in membrane recycling (Labbaoui et al. 2017). This study showed that arl1∆ 
mutants exhibit a virulence defect in disseminated candidiasis and inappropriate localization 
of Phr2, a protein required for cell wall integrity and growth in acidic pH (W A Fonzi 1999).  
When integrating these data and the results presented in this study (Chapter 3), I 
hypothesize that endocytosis is critical for both carboxylic acid and amino acid utilization in 
C. albicans. Improper recycling of the respective transporters allowing for import of these 
nutrients could result in a defect or delay in pH neutralization, which have been seen when 
studying orf19.783∆, rhb1∆, and pep8∆ mutants (Figure 3-2 and 3-3).  
GlcNAc induces robust pH neutralization independent of amino acids 
 Utilization of GlcNAc is very robust in C. albicans and the amino sugar is a potent 
inducer of hyphal morphogenesis. When compared to when amino acid metabolism and 
resulting pH changes, pH neutralization occurs faster during GlcNAc metabolism. This is 
likely due to the temporal differences between the two carbon sources, where GlcNAc is 
deaminated and broken down into fructose-6-phophate that is directly catabolized by 
glycolysis. This temporal difference may provide additional benefits. For example, if both 
GlcNAc and amino acids are present in the phagosome as we predict, then it is energetically 
favorable to degrade GlcNAc and raise the pH before catabolizing amino acids through their 
resulting TCA cycle intermediates. Metabolism of GlcNAc, similar to amino acid 
metabolism, also results in detectable ammonia release, but to a less extent. This observation 
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leads to the hypothesis that the temporal differences in pH neutralization are due to the 
composition of the media used.  
Additionally, while there are predicted transporters of ammonia upregulated during 
amino acid catabolism, no transporters have been described for N-acetylglucosamine or 
carboxylic acids. Ammonia release is not detected in cells grown in carboxylic acids, which 
agrees with the initial rationale that carboxylic acids lack the amine group of amino acids and 
thus should not neutralize the pH. It is an active area of investigation as to how pH 
neutralization is accomplished without ammonia release in these cells;  however, it is clear 
that Ato1 and Ato5 are not involved. ato5∆ and ATO1* mutants in this study show wild type 
levels of ammonia release when grown with GlcNAc (Figure 4-4). As the ATO family is 
comprised of ten members, it is possible that there are other members that are responsible for 
the extrusion of ammonia in GlcNAc, or that other transporters are required with this carbon 
source. There are other described ammonium permeases in C. albicans, Mep1 and Mep2, but 
these have previously been characterized as inward transporters (Biswas and Morschhäuser 
2005). RNA sequencing experiments comparing cells grown in dextrose versus GlcNAc 
show upregulation (4.84-fold) of ATO3 (Naseem, Araya, and Konopka 2015). As individual 
genetic deletion strains of all ten ATO members have been created recently in the lab 
(Yasmin Chebaro, unpublished), it is possible to quantify ato3∆ cells for ammonia release 
with GlcNAc. There are also ongoing genetic screens to identify additional genetic 
contributors to GlcNAc usage and pH neutralization, though these studies are not being 
performed by our lab. 
One possibility for the macrophage survival defect we observed (Figure 4-5) is that 
there are aberrant cell wall protein linkages in these strains and that pH neutralization was 
not the main reason for defects in survival. GPI anchored proteins have recently been 
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implicated in the virulence of C. albicans (Shen et al. 2015). GlcNAc is converted to the 
substrate for chitin and GPI anchors, UDP-GlcNAc by the enzymes Agm1 and Uap1 
(Nishitani et al. 2006). It was possible that mutation in transport or catabolism could 
indirectly affect this pool of endogenous UDP-GlcNAc, but unlikely based on previous 
reports where exogenous GlcNAc does not affect synthesis of UDP-GlcNAc (Gunasekera et 
al. 2010). This concern was addressed partially by work presented in Figure 4-6, where 
ngt1∆ and h-d mutant cells reside in a more acidic phagosomal compartment than a wild type 
strain. This reinforces the idea that the pH neutralization phenotypes we observe in vitro 
(Figure 4-2) are preserved in the macrophage phagolysosome. The possibility that chitin and 
other cell wall proteins are affected in these mutants should be considered in further studies. 
However, these data, in concert with data showing exogenous GlcNAc does not affect UDP-
GlcNAc levels, indicate these mutants are deficient in macrophage survival primarily due to 
defects in pH neutralization.  
C. albicans utilizes at least three distinct mechanisms to neutralize the pH of the 
environment  
Through the studies presented in this dissertation as well as several published works, 
it is apparent that C. albicans has developed sophisticated mechanisms for combating the 
interactions with macrophages. Amino acids, carboxylic acids, and N-acetylglucosamine are 
all utilized avidly by C. albicans as the sole carbon source – allowing for both growth and pH 
neutralization of the extracellular medium. We have shown in this work that these 
mechanisms are independent phenotypically and genetically and we have shown here and 
elsewhere that each of these are important in the contexts of macrophages (This study, 
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Danhof et al. 2016; Danhof and Lorenz 2015; Miramón and Lorenz 2016; Vylkova and 
Lorenz 2014).  
It has become clear from these studies that C. albicans can induce pH neutralization 
to combat the acidic phagolysosomal compartment. This could be a useful avenue of future 
investigation, as C. albicans inhabits several different niches throughout the human host and 
exhibits pronounced metabolic flexibility. To date, there are three separate classes of carbon 
sources that can elicit pH neutralization, and it is likely that this could be expanded. A carbon 
source screen in vitro could be useful to determine which carbon sources elicit pH 
neutralization beyond those described in this and published work.  
Other species of Candida show different responses to GlcNAc and amino acids  
When investigated for pH neutralization with amino acids and N-acetylglucosamine, 
we observed that there are differences between some of the responses to each. I found that  
amino acids elicited pH neutralization during growth with amino acids the fastest in C. 
albicans and C. tropicalis, whereas C. luistaniae, C. dubliniensis, M. guilliermondii, C. 
parapsilosis, L. elongisporous, and C. glabrata were also able to neutralize the pH with 
delayed kinetics (Figure 4-2-A). These differences may be due to the number of ATO 
homologs that are present in each genome, which was reported by Vylkova et. al. in 2011. As 
the number of ATO genes increase in each organism, the ability to neutralize the pH 
increases. These results are consistent with published reports of growth on solid agar after 3 
days of growth. Of note, C. glabrata neutralized the pH to an extent greater than what would 
be expected by comparing to data published in Vylkova et al. 2011, highlighting possible 
differences of solid and liquid growth conditions.  
All strains tested (with the exception of C. glabrata as discussed later) exhibit similar 
kinetics of pH neutralization when grown with GlcNAc as the sole carbon source (Figure 4-
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2-B). We also found that only C. albicans forms hyphae or hyphal mats when GlcNAc is the 
sole carbon source. Many CUG clade species do not form true hyphae in standard conditions, 
C. albicans, C. dubliniensis, and C. tropicalis being the species that are capable of such 
growth. C. tropicalis, in contrast to C. albicans is repressed for hyphal morphogenesis upon 
exposure to N-acetylglucosamine and this is mirrored in the results reported here (Zhang et 
al. 2016). C. dubliniensis has been documented to be able to respond to GlcNAc in YPD 
containing glucose and form hyphae (Gilfillan et al. 1998). An unexpected finding of this 
work is that C. dubliniensis does not form hyphal projections when GlcNAc is the sole 
carbon source. (Figure 4-2-C). This is interesting from a metabolic perspective, but also 
from a phylogenetic perspective as C. dubliniensis is the most closely related species to C. 
albicans which forms extremely robust hyphal mats in this assay. C. glabrata does not 
contain the genes necessary to transport or metabolize GlcNAc, and this is supported by a 
lack of growth and pH neutralization. All species tested (Chapter 5) upregulate NGT1, the 
dedicated GlcNAc transporter, at the transcriptional level upon internalization by 
macrophages with the exception of C. lusitaniae, suggesting that GlcNAc is abundant within 
the phagosome.  
RNA sequencing of different Candida spp. reveals distinctive core responses to 
macrophage phagocytosis  
 When we investigate the genes that are upregulated in C. albicans after macrophage 
phagocytosis, it is obvious that metabolic flexibility is one of the most important factors of 
this interaction and this extends to all of the other CUG clade species tested. There are also 
species-specific transcriptional programs that are enriched in other species of Candida. For 
example, as shown in Figure 5-1, C. luistaniae is relatively resistant to oxidative stress 
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(Priest and Lorenz 2015) and features a unique enrichment for genes induced in glutathione 
metabolism during interactions with macrophages. Glutathione can serve as an antioxidant 
that reduces hydrogen peroxide (Yilin Liu et al. 2014). This example illustrates that we can 
generate compelling hypotheses from the transcriptional response to host-relevant conditions, 
like macrophage phagocytosis.  Importantly, we observe differences in gene regulation 
between species, which we can then investigate further to understand if these differences 
confer fitness advantages to one species over another. These species have all evolved to 
reside in different niches, whether that be a human or a citrus fruit rind, and how each 
responds to a mammalian host in comparison to each other will impact how we view each 
species and its virulence capability. These differences can tell us what is important to a 
fungal pathogen in a mammalian host.  
Studying small uncharacterized open reading frames reveals new contributors to 
virulence  
As many groups, including ours, the most upregulated GO enrichment categories 
found in all species such as carbon metabolism, we took this opportunity to study 
uncharacterized genes in C. albicans. This is not to say that carbon metabolism response is 
unimportant. These metabolic genes may serve as important contributors to virulence, but 
cannot explain the differences between C. albicans and other members of the CUG clade. 
Through analysis of the most upregulated genes in C. albicans upon macrophage 
phagocytosis, we observed that there were several genes that featured gene identifier 
numbers indicating that they were recently annotated (orf19.xxx.1). Many of these open 
reading frames encode proteins of less than 100 amino acids (Figure 5-4). When considering 
the energetic cost of protein translation and the relatively sugar-poor environment of the 
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macrophage phagosome, we reasoned that these small proteins may play important roles in 
this environment. Thus, we took a genetic approach to assess if these genes were necessary 
for macrophage interaction and chose to delete several of these open reading frames, as 
presented (Figure 5-6, 5-7, and 5-8). These efforts proved valuable, as several of these small 
proteins (Sma6, Sma13, and Mia1) were found to be important mediators of C. albicans 
survival when in contact with innate immune phagocytes.  
There are other small open reading frames that I have not genetically manipulated or 
studied that deserve further study. For example, SMA2 is one of the most upregulated 
transcripts in numerous transcriptional data sets and is also the only small open reading frame 
to feature an intron in its coding sequence. Also, SMA9 may potentially serve as a membrane 
potential modulator due to its conserved PMP3 domain, which I hypothesize would have a 
significant benefit for C. albicans physiology after macrophage phagocytosis. Other species 
of the CUG clade of Candida also upregulate small open reading frames that remain 
uncharacterized, some of which overlap with those observed in C. albicans (refer to 
Appendix A for full phylogenetic relationships and lists). We have observed that C. 
parapsilosis upregulates the greatest number of small open reading frames, with the 
remaining species showing fewer numbers than C. albicans (Figure 6-1). These observations 
may have host-relevance and are a worthwhile avenue for future studies.  
Sma6 and Sma13 mediate cellular response to oxidative stress 
 Two small open reading frames that were briefly studied in this work, SMA6 and 
SMA13, highlight the importance of oxidative stress response in the ability of C. albicans to 
combat macrophage phagocytosis. Increased oxidative stress susceptibility of sma6∆ and 
sma13∆ cells may be correlated to defective survival rates after macrophage phagocytosis. 
Future studies inhibiting the macrophage NADH oxidase would further elaborate on these 
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phenotypes and confirm causative relationships. Additionally, it is unknown if these strains 
are also hypersusceptible to other oxidative stress inducing compounds, such as heavy 
metals. There is also a possibility that the loss of these genes and their corresponding proteins 
may affect downstream effectors that have antioxidant properties, such as catalase. 
Mia1 is required for initial adherence to abiotic and biotic surfaces  
 One small open reading frame, MIA1, formed much of the most recent work 
described in this dissertation. When MIA1 is deleted, cells are less adherent than wild type 
cells. I have shown that this defect in adherence is observed on both polystyrene surfaces as 
well as to HeLa epithelial cell monolayers in vitro. mia1∆ strains also exhibit defects in 
Congo Red dye uptake, and do not show a defect in biofilm formation or growth in rich 
medium. Through immunofluorescence microscopy, I have also shown that Mia1-myc is on 
the cellular surface (Figure 5-12). These in vitro phenotypes led us to the hypothesis that this 
putative adhesin is involved in adherence during early adherence steps and that it is on the 
cell surface capable of interacting with other proteins, possibly through the Ser/Thr repetitive 
domain.  
Adhesins are important virulence factors that have redundant functions  
Adhesins have been well-studied for many years. These proteins represent important 
virulence factors that are a suitable target for future antifungal drugs and vaccines. While the 
importance of these proteins is appreciated throughout the literature and adhesion defects are 
easily identified in vitro, in vivo phenotypes of deletion strains of individual adhesins are 
difficult to find (Alberti-Segui et al. 2004; Cleary et al. 2011; Wächtler et al. 2011). One of 
the most discussed adhesins, Als3, has well-described adherence defects in a variety of in 
vitro conditions (Nobile et al. 2008; Nobile et al. 2006) but when assessed for virulence  
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Figure 6-1: Small ORFs are upregulated in response to phagocytosis in each species of 
the CUG clade. Analysis of genes upregulated 4-fold and above shows that each species 
upregulates small open reading frames. These numbers do not account for blocked open 
reading frames or pseudogenes as many genomes have not been annotated to this detail. D. 
hansenii is excluded from this list due to its transcriptional aberrations as well as a 
documented growth defect at 37°C as shown in (Priest and Lorenz 2015). The identity of 
these small open reading frames are outlined in Figure A18.  
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defects displays no significant deficiencies in causing infection at two different doses (Cleary 
et al. 2011). This is most likely due to the high amount of homology with other adhesins and 
potential for redundancy. Als adhesins are encoded by an expanded gene family in C. 
albicans, with 8 encoded Als proteins (Jackson et al. 2009). Expanded gene families, when 
compared to other yeasts such as S. cerevisiae, are common in C. albicans and it is 
hypothesized that these gene families serve important roles and are expanded in number to 
adapt to the mammalian host. The Iff/Hyr family is also an expanded family of 11 adhesins, 
further illustrating the potential redundancy of adhesins on the cell surface (Jackson et al. 
2009).  
Mia1 may serve to coordinate other adhesins  
 When integrating data from known adhesins and the phenotypes we have observed 
from the mia1∆ strains, we hypothesize that this small adhesin may serve a broader role of 
coordinating other surface adhesins through direct contact with either amyloid regions or 
glycosylation in serine / threonine rich domains (schematic, Figure 6-2). There are key facts 
about other adhesins that we must put into the context of Mia1 data before this can be a 
testable hypothesis, however. For example, a full view of adhesin localization on the cell 
surface is needed. To date, there are only a few Als or Iff proteins that have been investigated 
for localization patterns on the cell (Boisramé et al. 2011; Coleman et al. 2010). The 
localization of Mia1-myc most closely resembles Iff8 in these datasets; with similarity 
supported by experiments testing a modified variant of Iff8, with a longer linker to the cell 
wall, which features increased immunoflouresence. Iff8 is normally buried within the cell 
wall under the mannan layers due to its size, causing its relatively weak and punctate 
localization pattern. As Mia1 is a very small protein, it is possible that it is masked by cell 
wall components when not adhering to biotic or abiotic surfaces. Also, work by Boisrame et.  
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Figure 6-2: Mia1 may interact with other adhesins via amyloid or serine/threonine 
domains. The amino acid sequence was subjected to in silico analysis that determined two 
regions of likely amyloid formation, that there is a predicted alpha helix at the N-terminus, 
and that several glycosylation sites are possible. TANGO, RaptorX, and NetNGlyc1.0, and 
NetOGlyc4.0 programs were used for this analysis.  
 
 
 
 
 
 
 
 
 
MLYALATPGSAFKPSIKKAKNTWRLQKFKKLYIQKGGYISSSPTDSSINSNDSISSSSSVITASSSAPRFI
Conserved N-terminus Serine/Threonine Domain 
O-Glycosylation a-helix amyloidPredictions:
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al has shown that serine / threonine regions of adhesin proteins serve as important links to the 
glucans and other glycoproteins, extending the reach of these adhesin proteins by interactions 
with a broad range of substrates. 
 One key way to test this cell wall masking hypothesis is the immunoprecipitation of 
Mia1 with other adhesins. I have attempted initial experiments to this end but have not been 
able to visualize Mia1 by Western Blot analysis, implying expression of Mia1 is too low to 
detect or is difficult to liberate from the cell wall. I hypothesize that Mia1 is interacting with 
more than one cell wall constituent. Treatment of cell wall-enriched protein samples of C. 
albicans with beta 1-6-glucanase or extended NaOH treatment to disrupt other glucan bonds 
have not yielded any detectable Mia1 by Western Blot analysis. Data presented in Figure 5-
12 indicate that Mia1 is indeed accessible on the cell wall but protein purification remains 
elusive by biochemical techniques.  
mia1∆ cells exhibit virulence defects in murine models of infection  
 MIA1 was shown to be required for maximal level of survival after macrophage 
phagocytosis (Figure 5-14). This macrophage model of infection has served well in the past 
to predict genes that may play roles in more nuanced models of infection. In contrast to other 
well-characterized adhesins, cells lacking MIA1 exhibit virulence defects as measured by tail 
vein injection in a murine model (Figure 5-17), where 50% of the parental strain-infected 
mice succumb to infection at day 6 and mia1∆-infected mice succumb at day 10. In addition, 
these cells exhibit striking morphology differences when histological samples are viewed 
from an oropharyngeal model of candidiasis after 5 days of infection (Figure 5-16-E-G). It is 
possible that mia1∆ cells are inappropriately responding to host signals and as a consequence 
have abnormal morphological regulation. mia1∆ cells in the OPC model do not appear to 
form robust hyphae, which may explain decreased virulence in this model. Differences in 
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virulence may be due to a general defect in cell wall protein organization if Mia1 is 
responsible for coordinating the localization and spatial arrangement of a variety of proteins. 
This idea will need to be experimentally tested. While the in vivo defects are modest, Mia1 is 
a rare example where in vitro adhesion defects translate into virulence deficiencies in whole 
animal models. This is especially astounding given previous adhesins studied and deserves 
further characterization.  
CONCLUDING REMARKS 
 The work presented in this dissertation has advanced the understanding of C. albicans 
interactions with the host in several ways. These finding have increased understanding of 
genetic contributors to pH neutralization as a result of two of these alternative carbon 
sources, amino acids and carboxylic acids. I have also shown that the utilization of amino 
acids and N-acetylglucosamine are genetically distinct pathways despite their phenotypic 
similarities. Furthermore, I have shown that there are uncharacterized C. albicans genes that 
are upregulated when in contact with the mammalian host and that these genes have 
important host-relevant functions. This list includes Mia1, a microadhesin that has virulence-
associated phenotypes in vitro as well as in vivo during infection. These newly annotated 
genes, the majority of which are only conserved through the CUG clade of Candida spp., 
offer an opportunity to further understand the ways in which C. albicans combats the 
antimicrobial efforts of innate immune cells.  
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Appendix A 
 
Further information about small open reading frames (SMA1-SMA13) 
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This appendix serves to consolidate known information about each of the small open 
reading frames found to be upregulated after macrophage phagocytosis, as described in 
Chapter 5. This is to facilitate further investigations into these open reading frames. Pages 
161 – 164 feature summaries of datasets that originate from previous publications. Multiple 
sequence alignments and phylogenetic relationships follow. Identifiers will be indicated at 
the top of each page followed by a figure showing homology to other CUG clade species (as 
well as to S. cerevisiae). Small open reading frames upregulated after macrophage 
phagocytosis in the other CUG clade species tested are presented on page 179. 
 Multiple sequence alignments were performed using information from Candida Gene 
Order Browser (CGOB), which determines homologs of genes within the CUG clade of 
Candida spp. as well as S. cerevisiae if a homolog exists. Alignment figures were generated 
with T-Coffee (Di Tommaso et al. 2011) and BoxShade (https://embnet.vital-
it.ch/software/BOX_form.html). Phylogenetic trees were created and downloaded directly 
from CGOB (Fitzpatrick et al. 2010; Maguire et al. 2013).  
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Figure A1: Conservation of small open reading frames upregulated in C. albicans in 
other CUG clade species. Green boxes indicate genes that are 4-fold upregulated or more. 
Red boxes indicate genes that are downregulated after macrophage phagocytosis. Grey boxes 
are not differentially regulated as compared to growth in RPMI. Crossed out boxes indicate 
that this gene is not present in the genome as of current annotations. (C.a.) Candida albicans, 
(C.t) Candida tropicalis, (C.d) Candida dubliniensis, (C.p) Candida parapsilosis, (C.l) 
Clavispora lusitaniae, (L.e) Lodderomyces elongisporous, (M.g) Meyerozyma guilliermondii, 
and (D.b) Debaryomyces hansenii 
SMA1
SMA2
SMA3
SMA4
SMA5
SMA6
SMA7
SMA8
SMA9
SMA10
SMA11
SMA12
SMA13
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Figure A2: Summary of transcriptional upregulation in Sellam, 2010. Green boxes 
denote upregulated expression of corresponding small open reading frames, fold change is 
indicated. Yellow boxes denote downregulation of corresponding small open reading frames. 
Orange or blue boxes indicate significantly long 5’ or 3’ untranslated regions. Grey boxes 
indicate that the open reading frame was not mentioned in the given data set.  
 
 
  
Biofilm Hyphae Cecum 
Long 
5' UTR 
Long 
3' UTR 
SMA1 11 -4 34 Yes
SMA2
SMA3 10 5 Yes
SMA4
SMA5
SMA6
SMA7
SMA8 3 18 Yes
SMA9 -4 4 Yes
SMA10 3 5
SMA11
SMA12 10 48
SMA13 Yes
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Figure A3: Summary of transcriptional upregulation in Bruno, 2009. Green boxes 
denote upregulated expression over 4-fold is indicated. Bold outlined boxes indicate that this 
transcript was the most upregulated transcript in this condition. Light yellow boxes indicate 
that the corresponding open reading frame was detected in the data set but was not 
significant. Cells grown in YPD were used as the control group for exposure to serum (10% 
FCS), nitrosative stress (750uM DPTA-NONOate), oxidative stress (5mM and 0.5mM 
H2O2), and Congo Red (100ug/mL). Growth in pH 4 vs. pH 9 was performed in M199.  
 
 
 
 
 
 
 
 
 
 
 
 
Serum v. 
YPD 
pH 4 vs. 
pH 9 
pH 9 vs. 
pH 4
Nitrosative 
stress
Oxidative 
(low) 
Oxidative 
(high)
Congo 
Red 
SMA1 6
SMA2 18
SMA3 19
SMA4 24 17 6
SMA5 17 15
SMA6
SMA7 11 6
SMA8
SMA9 6
SMA10 42
SMA11 5 13
SMA12 266 41
SMA13
 161 
 
 
Figure A4: Summary of biofilm transcriptional profiling, discovery of regulators, and 
CHiP sequencing binding sites from Nobile, 2012. Green boxes denote upregulated 
expression in biofilm cells as compared to planktonic cells. Grey boxes indicate that this 
transcript was not detected in RNA sequencing. Positive (+) regulators are determined by 
significant downregulation of transcripts when comparing the corresponding transcription 
factor (TF) mutant (TF∆/∆ mutant) vs. SN250. Negative (-) regulators are determined by 
significant upregulation of transcripts when comparing the corresponding TF∆/∆ mutant vs. 
SN250. n/s indicates that no significant regulation was reported. Chromatin 
immunoprecipitation (CHiP) sequencing was performed with epitope-tagged transcription 
factors (Bcr1-myc, Brg1-myc, Efg1-myc, Ndt80-myc, Rob1-myc, Tec1-custom Ab) to 
determine binding sites for genetic regulation. Indicated binding sites were called by visual 
analysis of Mochi plots provided for each small open reading frame.  
 
 
Biofilm (+) regulators (-) regulators CHiP Binding Sites 
SMA1
SMA2 4 Brg1, Tec1 n/s Ndt80
SMA3 3 n/s n/s
SMA4 16 n/s n/s Bcr1, Efg1, Ndt80, Rob1 
SMA5 Ndt80
SMA6 Ndt80
SMA7
SMA8 12 Tec1 n/s
SMA9 26 Bcr1, Tec1 Ndt80, Brg1, Efg1
SMA10
SMA11
SMA12 98 Efg1 n/s Bcr1, Efg1, Ndt80 
SMA13 4 Rob1 n/s
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Key for homology figures:  
orf19.xxxx.x: Candida albicans SC5314  
wo-1, CAWG_xxxx: Candida albicans WO-1 strain  
cdub, CDxx_xxx : Candida dubliniensis  
ctro, CTRG_xxx : Candida tropicalis  
CPARP2_xxxx: Candida parapsilosis  
CORT0A_xxxx: Candida orthopsilosis  
lelo, LELG_xxx: Lodderomyces elongisporous  
dhan, DEHA2Exxxx: Debaryomyces hanseneii  
psti, PGUG_xxx: Pichia stipitis  
cten, CANTEdraftxxx: Candida tenuis  
spas, SPAPADRAFTxxx: Spathasphora passalidarum  
cgui, PGUG_xxx: Meyerozyma guilliermondii  
clus, CLUG_xxxx: Candida lusitaniae  
YDRxxxxx / YLRxxxx: Saccharomyces cerevisiae  
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SMA1 / Orf19.4914.1 / C1_12850W / BLP1 
 
 
 
Figure A5: Multiple sequence alignment and phylogenetic tree of SMA1 homologs.  
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SMA2 / orf19.670.2 / C1_11320C 
 
 
 
Figure A6: Multiple sequence alignment and phylogenetic tree of SMA2 homologs.  
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SMA3 / orf19.2107.1 / C2_00250W / STF2 
 
 
 
Figure A7: Multiple sequence alignment and phylogenetic tree of SMA3 homologs.  
 
 
 
 
 166 
SMA4 / orf19.7279.1 / CR_08830W 
 
 
Figure A8: Multiple sequence alignment and phylogenetic tree of SMA4 homologs.  
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SMA5 / orf19.675.1 / C1_11260C 
 
 
 
Figure A9: Multiple sequence alignment and phylogenetic tree of SMA5 homologs.  
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SMA6 / orf19.36.1 / C2_06630C 
 
 
 
Figure A10: Multiple sequence alignment and phylogenetic tree of SMA6 homologs.  
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SMA7 / orf19.2509.1 / C3_01060W 
 
 
 
Figure A11: Multiple sequence alignment and phylogenetic tree of SMA7 homologs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 170 
SMA8 / orf19.4450.1 / C1_07160C 
 
 
 
Figure A12: Multiple sequence alignment and phylogenetic tree of SMA8 homologs.  
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SMA9 / orf19.2959.1 / C1_02700C 
 
 
 
Figure A13: Multiple sequence alignment and phylogenetic tree of SMA9 homologs.  
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SMA10 / orf19.3626.1 / C2_08520C 
 
 
 
Figure A14: Multiple sequence alignment and phylogenetic tree of SMA10 homologs.  
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SMA11 / orf19.3932.1 / C5_04480C 
 
 
 
Figure A15: Multiple sequence alignment and phylogenetic tree of SMA11 homologs.  
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SMA12 / orf19.4936.1 / C1_13100W / MIA1 
 
 
 
Figure A16: Multiple sequence alignment and phylogenetic tree of SMA12 homologs.  
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SMA13 / orf19.647.3 / CR_05040W 
 
 
 
Figure A17: Multiple sequence alignment of SMA13 homologs (or lack thereof).   
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Figure A18: Small open reading frames upregulated in other CUG clade species. Genes 
upregulated 4-fold and above after macrophage phagocytosis are indicated for six of seven 
other species of C. albicans (excludes D. hansenii). Genes that are in bold are in the top 10 
upregulated genes in each species.  
_________________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 
C. tropicalis C. dubliniensis C. parapsilosis C. luitaniae L. elongisporous M. guilliermondii
ctro_CGOB_00061 Cdub_CGOB_00036 CPAR2_102120 clus_CGOB_00042 lelo_CGOB_00015 cgui_CGOB_00003
ctro_CGOB_00125 Cdub_CGOB_00001 CPAR2_808630 clus_CGOB_00155 lelo_CGOB_00090
ctro_CGOB_00191 Cdub_CGOB_00002 CPAR2_402080 clus_CGOB_00165 lelo_CGOB_00024
ctro_CGOB_00088 Cdub_CGOB_00019 CPAR2_407870 CLUG_04088 lelo_CGOB_00061
CTRG_04111 Cdub_CGOB_00081 CPAR2_406905 clus_CGOB_00181 lelo_CGOB_00019
Cdub_CGOB_00086 CPAR2_602480 LELG_01188
Cd36_19680 CPAR2_100770 lelo_CGOB_00035
Cd36_10620 CPAR2_805920 lelo_CGOB_00120
CPAR2_213050
CPAR2_207870
CPAR2_809010
CPAR2_401370
CPAR2_204090
CPAR2_206570
CPAR2_207790
CPAR2_302200
CPAR2_213530
CPAR2_206910
CPAR2_206560
CPAR2_807080
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